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PREFACE

This report is one of a series of reports prepared under

JPL Contract No. 950657 byGM Defense Research Labora-

tories, Santa Barbara, California, ._d its major subcon-

tractor for electronics, Radio Corporation of America,

Astro-Electronics Division, Princeton, New Jersey.
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APPENDIXI

MOBILITY

D. VEHICLE SYSTEM

1. Introduction

The successful adaptation of any vehicle to an off-road environment, whether

on Earth or on the Moon, depends not only on the vehicle characteristics, but

also on the characteristics of the terraha over which it must travel.

J

Two sets of terrain factors influence the mobility performance of a vehicle:

1) The mechanical properties of the soil which relate to the

stress-strain relationships existing between soil and

vehicle, both in the vertical and horizontal directions; and

2) The surface geometry of the terrain

The vertical-deformation characteristics determine the ability of the vehicle to

stay on or close to the surface (flotation), while the horizontal characteristics

determine the abihty of the vehicle to develop thrust for locomotion.

The surface geometry of the terrain affects mobility in that obstacles such as

boulders and crevices may pi-event or at least hiuder vehicle movement, and

rough ground may impart unacceptable shock and vibration to the vehicle and

its payload.

Therefore, m order to evaluate vehicle performance in a rational manner, it

is necessary to be able to describe quantitatively the terrain characteristics

that affect performance, in addition to knowing pertinent vehicle characteristics

such as weight, size and form of the loading area, power, etc. Mathematical

models expressing the physico-geometric relationship between vehicle

" i

c :
III.I- 1
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and soil can then be used either to evaluate performance characteristics, or,

given a desired level of performance, to select vehicle design criteria. Labora-

tory and field tests of scale models can also be utilized, either to confirm cal-

culated predictions or to help solve mobility problems that are not readily

amenable to analytical treatment. This approach is illustrated schematically

in Figure III. 1-1.

From a methodological point of view. this approach is identical to that used in

solving problems associated with the design and performance of sea and air

vehicles.

To further illustrate the nature of the problem, consider the case of a vehicle

crossing a steel bridge or a soil mass (Fig. III.1-2).To determine whether the

steel bridge can safely sut)port the vehicle, it is necessary to know the mecha-

nical properties of the steel as well as the geometry of bridge and the load

distribution on it. Ti_,e problem is identical to that of crossing the soil"bridge"-

the pertinent mechanical properties of the soil must be known.

MEASUREMENT & DERIVATION OF SOIL VALUES

It has been shown (l' 2, 3)*that the vertical stress-strain relationship which

relates to sinkage, and thereby motion resistance, can be expressed by the

following equation:

n
p = (kc/b * k¢) z fro. 1-1)

where

p (psi)

b width of the loading area (in.)

z sinkage (in.)

k = cohesive modulus of soil deformation (lb/in. n, 1)
c

k_= frictional modulus of soil deformation (lb/in. n_-2)

exponent of sinkage (dimensionless)

= unit ground contact pressure

* Raised numbers in parentheses refer to references listed on page III. 1-66.

HI. 1-2 0
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Thus, in order to define the relationship between load and sinkage, the soil

values kc, k_ and n have to be determined.

An instrument for this purpose is shown schematically in Figure 1J2.1-3.

_.oad W is applied first to plate I and next to wide plate II, while a motor M

forces the respective footings down. The load is plotted as a function of sink-

age z by recorder R. Thus, for each plate a separate curve is obtained, and

their general equations may be written in accordance with Equation (III. 1-1) as

follows:

n g
Pl = (kc/bl " k¢) z

(III.1-2)

n

P2 = (kc/b2 _ k¢)z

Plotting Equations {IiI. 1-2)on a logarithmic scale will produce practically straight

parallel lines which form angle c_ . It is evident that tan c_ = n. Thus the expo-

nent of sinkage is easily determined. Abscissas a 1 and a 2 are identical with

the respective quantities (kc/b + k¢). As a result two equations may be

obtained:

k¢ : (a2b 2 -albl)/(b 2 -bl)

(III.1-3)
kc :- l (al-a2)blb2} /(b2-b 1)

from which the moduli of deformation k c and k¢ can be determined.

The horizontal stress-strain relationship which relates to the maximum thrust

a vehicle can develop can be expressed (3, 4) by Coulomb's law:

where

s = c , p tan ¢

s = soil shearing strength (psi)

c = soil cohesion (psi)

(III.1- 4)

¢ = angle of friction (degrees)

III. 1-5 9
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Thus, ff only the maximum traction a vehicle can develop is of interest, it is

necessary to determine only the soil parameters c and @.

However, ifit is desired to evaluate thrust in terms of slippage, say of a track

or wheel, the soil shearing strength must be expressed in a more general form.

r--

For a soil whose shear strength deformation curve exhibits a sharp peak, as

in Fig.Ill. 1-4 Equation HI. 1-5 will take a form similar to that of an aperlodically

damped vibration: (3,4)

(c +p tan¢)/Y ] /exp (-K 2 2__-1) KlJ -

exp (-K2-'_22-1)Zl j l

(in. i-5)

where Y = the maximum value of the quantity in brackets

K 1 : slip or deformation coefficient (in. -1)

K 2 = slip or deformation coefficient (dimensionless)

j = horizontal soil deformation (in.)

t

For a soil that does not exhibit a sharp peak, which is more usually the case

(See Fig. ILI. 1-5), it has been determined (5) that the following equation is

sufficient to define the shear strength deformation characteristics:

S =

W III;I I_;

Note that for large deformations, j,

s = c + p tan_.

(c _ ptan¢) [ 1 - exp (- j/K) '] (Ill.l-6)

soi! deformati_on modulus (in.)

Equation (III. 1-6)approaches Coulomb' s equation

Thus it is seen that to fully evaluate the thrust capability of a vehicle, it is

necessary to know the soil valuesc, ¢, Kor c, @, K 1, K 2. These can be

determined either by rotating a shear ring or annulus in the soil, or by moving

a grouser plate through the soil. The principle of a horizontal displacement

shear device is shown in Figure HI. 1-6.

III. 1-7

II
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The device shown in Fig.III.1-6(a)utilizes a rectangular grouser plate. The

grouser plate is loaded vertically with weights Wand subsequently moved a

distance j by means of a motor M or by a manually operated gear drive. The

recording dynamometer R plots instantaneous force and deformation values on

a chart.

If this operation is repeated for various loads W 1, W 2, W 3 .... W n, a number

of curves will be obtained, all showing certain peak toad values H 1, H 2, H 3. .

• . H • (Fig.III.1-6(b).In order to make the readings independent of plate size
n

the H and W values are divided by the area of the plate so that the maximum

shearing strength, s, of soil under correspoqdmg unit pressure, p, can be

determined.

The peak values of these curves, plotted on a li,mar scale, wiLL fall on a

straight line as shown in Fig. III.1-6(c).The resulting line represents the Cou=

lomb function s = c • ptan¢, so that the distaJ_ce Oc represents the cohesion,

c, and the slope represents the angle of friction, ¢.

Procedures for calculating the v,'flues K, K 1 and K 2 are described in References

1 and 4.

Thus, with a few relatively simple measurements, all the soil parameters

necessary to evaluate a soil-vehicle system can be obtained. Many instruments

for this purpose have been devised. Fig. III. 1-Tshows a soil-measuring instru-

ment developed by GM-DRL for remote operation on tim iu,ar surface. It con-

sists essentially of t_ penetration plates identified as 1 and 2, and a shear

ring, 3. Plate 4 is a sensing pad which, upon contacting the ground surface,

starts the automatic operation of the instrument. Equipment for determining

the discussed soil properties m the laboratory is shown in FigureIII. 1-8.

d

SURFACE GEOMETRY CONSIDERATIONS

As was stated previously, the mobility of an off-road vehicle depends not only

on its soft-ground-crossing ability but also on its ability to overcome obstacles
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and respond to ground-surface unevenness with minimum shock and vibration

to vehicle and payload.

For example, extremely tow operational speeds occur not only when the ground

is soft, but also when it is hard and strong if the surface is rough. The vehicle

may then vibrate to such an extent that its speed must be radically reduced.

Since the response of the vehicle to surface roughness is related to its dynamic

characteristics, no fully rational vehicle form or design is possible if appro-

priate characteristics of the ground surface are not considered.

Given characteristic terrain profiles, analytical and analog simulation methods

are now available (6' 7, 8) that permit the vibrational responses of the vehicle

to be evaluated. In addition, scale-model tests conducted in the laboratory and

in the field over simulated rough terrain yield much valuable information re-

garding vehicle dynam ics.

However, in the case of first-generation lunar surface vehicles, it is highly

probable that operational speeds will be severely limited due to terrain-

uncertainty considerations rather than terrain roughness. That being the case,

it is then unlikely that vibrational and dynamic stability will be seriously

affected by terrain micro-roughness on a scale that is small in relation to

vehicle size.

r*-

On the other hand, obstacles such as boulders and crevices can seriously im-

pede or even prevent locomotion. Ability of a vehicle to negotiate such obsta-

cles may be just as important as its ability to cross soft ground.

This problem also can be studied by either analytical or scale-model techniques.

Both methods have proven successful in the prediction of obstacle perform-

(9, 10)
ance.

p_

.:_lltW_q_,_, _-v'_._''_ "_ _ _.._'.r.,_r :,_

III. 1-13 /7
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MATHEMATICAL MODELS OF SOIL-VEHICLE RELATIONSHIP

Knowing the pertinent terrain properties, it is possible to formulate mathe-

matical expressions which enable one to compute any desired aspect of vehicle

performance or design.

For example, the resistance due to soil compaction, which in soft soil is the

major component of the external motion resistance of a vehicle, has been

shown(4, II) to be equal to

Rc = f p dz
(III.1-'/)

The gross traction or thrust a vehicle can develop can be expressed by

tf
H

] dx (III. 1-8)= b s

Jo

In the above equations, b ana c represent the width and length respectively of

the vehicle ground-contact areas.

The capacity of a vehicle to do useful work is represented by the drawbar pull

it can develop, which is equal to H - R . Thus
C

Is<os:lOrawbar Pull : DP = b s dx- dz (III. i-9)

Expressed as a proportion of vehicle weight (DP/W), it becomes a measure

corresponding in concept to the drag/lift ratio of a ship or plane, denoting the

vehicle's ability to perform such functions as climbing slopes and accelerating.

Other equations for determining vehicle performance criteria or design para-

meters can be established from the foregoing. Several examples follow:

llI. 1-14

-41_ _" _.. " _, ''" _'_iil_/_ i_.
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Vehicle Thrust:

For soils whose shear-deformation curves exhibita pronounced peak:

H= cA+Wtan¢ [exp(-K_K2_Y I) KIJ" exp(-K2-K_ KlJ ]

where A = ground contact area.

For soils whose shear-deformation curvesexhibit no peak:

H = (cA + Wtan¢)[1-exp(-j/K)]

Maximum thrust inany soil:

H = cA + Wtan¢

Vehicle Sinkage:

For- a flat loading area (track, high-deflection elastic tire):

[ ]z = kc /

(In. 1- lO)

_II.1-11)

('In.1-12)

(m. 1-13)

For a rigid wheel or low-deflection elastic tire:

[ 3W qrfl_] 2/(2n + 1)
z : (3-n) (kc + bk¢_

where D = wheel diameter.

(III.1-14)

Motion Resistance Due to SoilCompaction:

For a flat loading area (track, high-deflection elastic tire):

1
R = |,

1/nc
(n+ I) (kc + bk¢)

(HI. 1-15)

III. 1-15
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For a rigid wheel:

1
R =

c (3_n)(2n ._2)/(2n + 1)(n+ 1)O_c -,bk¢)i/(2i_ + 1)
I 3_y I2n*2)/(2n* 1)
""" (I]I.I- 16)

Drag/Lift or Drawbar Pull/Weight Ratio:

For a flat loading area (track, high-deflection elastic tire):

w1/n
DP c

W = "p-- + lane - 0If. l-17)
(n _ 1) (k c * bk¢) 1/n _(n* 1)/n

For a rigid wheel or low-deflection elastic tire:

DP c-s-- + tan¢ 3: ;_kc]

(III.1-18)

Maximum Negotiable Slope:

The slope climbing ability S can be expressed approximately in precent in terms

of the drawhar pull/weight ratio:

t DP ) 100_ (TII. I-19)S = W

Power Required for Propulsion Over Flat Terrain at Negligible Slip

For a flat loading area (track, high-deflection elastic tire):

W ]:n+ l)/nHP = v (I_. 1-20)

550_ (n+l) (kc + bk¢) 1/n

where q = drive train efficiency and v = speed (ft/sec)

III.1-16
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For a rigid wheel:

HP =
V

J

550r_ (3-n) (2n+2)/(_n+I)(n+l) (kc
__ _(2n+2)/(2n+1)

+ bk@) 1/(2n÷1) fill.1-21)

Energy Required for Propulsion Over Flat Terrain at Negligible Slip

For a flat loading area (track, high-deflection elastic tire):

= 2 M ___ (n+l)/n
Ewhr (n+l) (kc +bk_) 1/n

For a rigid wheel:

where

i_ (2n+2)/(2n+11
Ewhr (3 n)(2n+2)/(2n2 I_4 bk¢) I/(2n+l)

- * (n+1)(kc + (III.1-23)

M = distance traveled (miles).

where

Motion Resistance Due to Slopes

R : Wsina
S

c_ = angle of slope.

(III. 1-24)

Ill. I-i? 2/

1
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2. Vehicle Performance Characteristics

The expected ranges of the lunar terrain characteristics, both with regard to

the mechanical properties of the soil and the surface geometry, have been

listed as part of the exhibits accompanying JPL RFP No. 3146. Interpretation

of the soft surface depicted in this RFP result in equivalent bearing strength

constants of: kc = 0, k¢ = 0.083 and n = 1.0, while shear strength constants

are: cohesion, 0 to.5 psi, and internal friction as low as 20 degrees•

Having specified a range of possible lunar {_erram characteristics, it is then

possible, utilizing the analytical methods discussed previously, to evaluate and

compare from the mobility viewpoint any desired mode of lunar locomotion.

Modes of locomotion usually considered for lunar surface vehicles are:

• Walking (running)

• Crawling (sliding)

• Roiling (wheels, tracks)

• Jumping (leaping)

In the following discussion only the first three modes will be considered. Loco-

motive mechanisms pertaining to jumpiag will not be discussed. Difficulties

involved in that type of translation and the reason_ supporting this course of

action are discussed in References II and I2.

TENTATIVE EVALUATION OF A WALKING MACHINE

It has been suggested that walking is more economical than rolling because the

motion resistance due to soil compactionmay be freely reduced by applying a

sufficiently long striae! 13) This theoretically correct assumption may be derived

by reducing Equation (15) to the following form:
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Rc -- 1-2s)
(ll- 1) (kc* Lk¢) l'Tn

where _s is the let_gth of the stride at_d _. is the length of the foot. The above

equation defines the amou_lt of resistaJ_ce reduction as being directly proportional

to the ratio of foot length 4. to stride let_g/th g's" Het_ce, by making the ratio

_' _'s sufficiently small, R c may be theoretically reduced to any desired extent.

h_ order to make a meaningful qua|_titative comparison between a foot and a

wheel, their relative sizes must be so selected that they are comparable, at

least from a design viewpoint. Although this may lead to a somewhat arbitrary

choice of dimensions for both the wheeled aJld the w_llking machhle, one must

start at that very point before drawing ally conclusion.

Let it be assumed that the e_velope of the walking device must be able to be

inscribed in the wheel trader comparison, h_ other words, it is assumed that

both mechat_isms have similar space requirements. In trying to accomplish this

task, it will be found tidal while one ca_x accommodate legs in the space occupied

by a comparable wheel size, it is practically impossible to fit legs and their

actuating mechanisms in that space. This is illustrated in Fig. III. 1-9. At this

point, it must be ctmceded that the designer must either reduce the body of the

vehicle or extend the legs a_d their actuators beyoad the size of the comparable

wheeled vehicle in order to accommodate a walkii_g n_echanism.

This disadvantage becomes more evident when the absolute need of ........... 'lld, V LII_ _t

least two legs per one comparable wheel is considered.

Starting with these remarks, let the comparable wheeiand the walking device

with two feet be assumed as sketched i_l Fig. III. 1-9. To compare the motion

resistances of the foot and rigid wheel devices, the ratio of their resistances

fil e) foot,,' (R e) wheel may be plotted as a function of load W for various soil

values k_. Such a ratio may be obtained by dividing Equation (Ill. 1-15) by

Equation 01I. 1-16). This yields for k e = 0 {dry, granular material) :
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n+l 2n,2 1

On. 1-26)

According to the previous remarks, width b of the wheel must be substituted
w

by two feet each having half the width of the wheel ifone is to avoid encroachment

upon more space. Thus foot width bf must equal bw/2. Assuming further that

within the proposed geometry ts =0.7D, _-=0.3D, bw = 0.2D, andn= I

Equation (IT[.1--26)takes a more simple form.

r ]2/3
(Rc)f = 16.2 I.-..._

(Rc)w D 2 L +j
(m.1-27)

Function (Rc)f (W) plotted on log-log paper for various k¢ valuesx and a

(nc)w

constant D produces a series o¢ parallel straight lines sloped at an angle whose

tangent = 2/3. A graph computed for D=20 inches has been reproduced in Figure

III.1-10.

Sir_kage due to load cannot increase indefinitely. Assume that the maximum load

limit is defined by sinkage z = 0.3D, which is a conservative estimate. Then

from Equations (Ill.l-13) and (III.1-14),for the foot and rigid wheel respectively, assttmln;

again that k ::0, n = I, and p = W/_.bf, itwill be found that the limiting W-
c Q

k¢ R R c =values plotted for various _u........,,,,,,.o_.... .l_"it........... f,_nt p_rformance at ( _)f/( )w

0.7; wheel performance is limited at higher loads corresponding to (Rc)f/(Rc) w =

1.27.

The fact that the foot will be "bogged" down at lower loads than those which

immobilize the wheel may be explained by the fact that the assumed rectangular

area of the foot is constant and does not change with sinkage. The bearing area

of the wheel, however, increases with sinkage up to z = D/2, and hence tends to

support higher loads. From the viewpoint of acceptable sinkage limit, the wheel

can be loaded more than the pair of feet.

rri. 1-22
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It would be uneconomical to load the feet and the wheel far below the point of

sinkage limit. This is, however, the price at which one may buy reduced com-

paction resistance for the foot. Fig-.111.1-10 shows that the lower the load

values the lower Is the (Re)f/(Rc)w ratio, i.e., the greater is the advantage of

walking. If, however, the vehicle operates at higher economic loads considered

critical from the viewpoint of foot sinkage (0.7), but tar enough from the critical

'loads of the corresponding wheel (1.27), which appears to be a more rational

solution, then the gain in reducing soil compaction resistance by walking rapidly

diminishes from some 30% to zero, i.e., to the point where fflc)f/(Re) w is

equal, or close to 1. For higher loads, which may be unacceptable for a walking

machine but which may still be acceptable for a wheeled vehicle, walking pro-

duces more resistance than roiling.

Furthermore, it should be kept in mind that the above comparative analysis was

made for a rigid wheel. As will be demonstrated later, an elastic tire is greatly

superigr to a rigid wheel in weak, deformable soils from the viewpoint of sink-

age and motion resistance. That-is to say, even the relatively minor advantages

of the foot indicated above would greatly diminish or disappear when compared

to an elastic tire.

To sum up, it may be stated that the gains of a walking mechanism in compari-

son to a wheel are not overwhelming, at least not from a low-resistance view-

point, and the complexity of the device is rather staggering. If one considers

the problems of leg stability in rough terrain, obstacle crossing, and the need

for sensing the surface geometry in order to avoid traps into which a toot may

faU more readily than a wheel, then a walking machine becomes still less

attractive.

It also should be noted that on hard ground (higher k_-values), even for very

low ratios of (Re)f/(Rc) w which are advantageous for the foot, the amount of

absolute gain may be small because of the insignificant ground deformation.

Accordingly, the total absolute saving will not be appreciable, although percent-

HI. 1-23
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agewise it may look impressive. Here the statistical distribution of k¢ values

would enter into the picture.

At this point, one may actually ask the basic question: What is the Ultimate in

locomotion evolution, the wheel or the foot? Attempts have been made to give

the answer in favor of the wheel. (11, 14) After all, the wheel may be considered

a kind of idealized walking mechanism as suggested in an earlier study. Pro-

fessor Gray has independently produced a sketch to that effect in his admirable

book in which he describes how animals move. (15) Gray's sketch has been

reproduced in Fig. III.l-ll and dramatizes the fact that a rolling wheel is ba-

sically a series of motions of walking feet with the actuating mechanisms

reduced to the utmost simplicity, and with reliability second to none.

COMPARISON BETWEEN TRACKED & SCREW-DRIVEN VEHICLES

It has been suggested that ff lunar soil properties are such that no appreciable

surface bearing capacity can develop, only a screw-driven type of vehicle may

provide the necessary means of locomotion, because it would be unaffected by

sinkage and would be able to operate even ff totally buried in the ground.

While this assumption appears correct, the usefulness of a burrowing vehicle,

at least during the earliest stages of lunar exploration, may be questionable.

For this reason, the present discussion will be concerned only with an analysis

of a screw vehicle and a comparable tracked vehicle, both moving on the surface

with a relatively low sinkage. To this end, the thrust and motion resistance due

to compaction will be evaluated.

The general similarity between the action of a track and that of a screw is

shown in Fig. III.l-12. The difference between the two modes of operation lies

in the curvature of the screw which produces cylindrical and circular forms

in cross section with its thread, as opposed to the flat rectangular forms of the

track shoe and its grouser (see thick lines in Fig.III.l-12. Otherwise, the pro-

cesses of thrust production and sinkage are identical. Hence, the maximum

HI. 1-24
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Fig .III.l-ll. The Wheel- Aal Idealized Walking Machine
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drawbar pull (DP) of both mechanisms can be calculated by means of the same

equation .(3,4) (soil cohesion c is assumed to be zero):

DP = Wtano + Pp- Rc (in.1-28)

where Pp is the additional thrust produced by the circular (screw) or rectangular

(track) spud. Bulldozing resistance was neglected for the sake of simplicity in

this presentation. From this simple equation, the relatively complex ground

contact surfaces and load distribution of the screw produce other equations which

cannot be solved explicitly and which require much computation, as follows:

Using the same methodology a'swhen dealing with tracks as shown in References

3 and 4, we may construct the following from Fig.Ill.l-12 for cohesionless soil

with n = 1.0:

Load-Ground Pressure:

b

W = 2_k¢_ [zo

The solution yields:

-ro ÷_o2-X2]dx
(III. 1-29)

W
= _'k¢I(r°-z°)b+r°2 sin-I (b"/--1)]r

O

from ...L:^_._:_,...... _y h,_determin,_d for known W.
0

(III. 1-30)

Screw Thrust

Additional thrust P due to screw blades extending beyond the vehicle body
P

(see Fig: III.1--12 - heavily outlined area):

t l/Yo

Pp = 2N3,N¢JI j y dy dx
(ITT. 1-31)
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where N¢ : tan2 (45° + ¢/2) and N3 isthe number of screw blades sunk in the

ground.

The solution of this equation produces:

Pp = N3_'N ¢lrl 2 (a 1.bl)-13(a13-b3)+ (ro-Zo)2 (al'bl)"

(ro-Zo) I(a(rl-Zo)+r2sin'l al )-(b_2-b2 +r2 sin °1 r_-))lt

J
where

=/ 2aI 2rlZo-Z o

bI =_2roZo-Z o

(III.1-32)

Compaction Resistance of the CylindricalScrew Body:

Motion resistance due to compaction can be obtained by double integration

b z °

Rc=,.kofjo zdz (ix

Solution yields:

R
C =k¢Ir2b1-1b13+_ (ro-Zo)2bl-0ro'Zo)[bl(roZo)+r2

-1
sin

(HI.1-35)

(1TI. 1-36)

. •

Drawbar Pull

The drawbar pullcan be expressed as in the case of the tracked vehicle:

DP = W tan_ + P -R
p c (HI. 1-37)

The meaning of symbols and the geometry of load distributionand ground con-

tact configurationare shown in Figure Ill.1-12.
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Trial computations of this type have disclosed that there is not much difference

in DP/W ratio between dimensionally comparable tracks and screws. Thus, it

was deduced that a screw used for propulsion is no more advantageous than the

track (See comparison in Fig.III. 1-13). The notoriously low mechanical effi-

ciency of the screw drive is another hindrance to accepting this type of propul-

S iOn.

To sum up, one may conclude that a "crawling" vehicle of the screw type does

not represent, at this time, an attractive solution for lunar locomotion.

COMPARISON BETWEEN TRACKS AND WHEELS

The problem of track versus wheel must be viewed from many a_gles. The

most important aspects of this question were reviewed elsewhere[3," 4, 16) and

it was concluded that both wheels and tracks have their merits. Under certain

terrain conditions a track must replace a wheel, while under other conditions

the wheel, particularly one equipped with an elastic tire, should replace the

track; and, under still other conditions, both wheels and tracks behave alike

from the viewpoint of soil-vehicle relatioaship.

In the case of a lunar roving vehicle, however, new problems eater the picture.

One of these problems is what might be designated the fitting of the maximum

amount of vehicle mobility into a givea spaceship envelope.

As has already beeo. mentioned, both soft ground and obstacle-crossing ability

are ultimately determined by the weight and linear dimensions of the vehicle,

which, in turn, are limited by the dimensions and the payload of the spaceship.

To investigate these limitations in more detail, for both wheels and tracks,

compare in general terms their soft-ground performance. This may be done if

the drawbar-pull/weight ratio is used as a base of c¢lSnparison. Such a com-

parison is quite general, since this ratio is equivalent to the most general index

of mobility in air and water, namely the drag/lift ratio.

°
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To thisend, Equations GII.1-17 and 1-18) may be applied. Group in each member of

these equations all the values which do not pertain to vehicle weight W and to Rs

lineardimensions D, b, and _, and denote allthe lineardimensions by L. Then,

forn= 1, k =0andc =0:
C

wheel = A- C V On. 1-39)

where A = tan@; B = 1/2 k@ and C = (3/2)4/3/2k¢1/3

Gross vehicle weight W ant_itslineardimensions L can be identifiedwith

spaceship payload and with the lineardimensions ol the cargo space of the

booster. Equations (III.1-38and 1-39)thus quantitativelydefine the previously ex-

pressed truism and indicateto what extentthe soft-ground mobility of the lunar

roving vehicle depends on the size ofthe ship which transports itto the lunar

surface.

This illustrates that the real problem faced by the designer of a lunar roving

vehicle is to squeeze into a limited space as much DP/W ratio as possible. This

can only be done by designing a vehicle with minimum weight W and maximum

linear dimensions L, a formidable task. Equations ([11.1-38 and 1-39)p_ovide gen-

eral information as to what can be done, and how.

Direct comparison between the discussed formula suggests thatfor a given

DP/W ratio, the mobility of a wheeled vehicle is less sensitiveto change or

adjustment of the vehicle'sgross weight, since W enters Equation (TII.1-39)under a

cubed root. Also any change in lineardimensions of wheels has the same effect,

since L enters the wheel formula for the firstpower while inthe track equation

itis cubed.

Conversely, one may say thatan increase of lineardimensions of the track will

have a more powerful effectupon performance increase than a similar increase

III. 1-31
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in the dimensions of a wheel. But the addition of weight to the track will deteri-

orate its performance to a larger extent than a similar addition of weight to a

wheeled vehicle. Furthermore, it is well known that the rolling resistance of

a tracked vehicle due to internal friction is several times that of a wheeled

vehicle.

It is evident that a simultaneous change of weight and linear dimensions in wheels

and tracks will cause changes in performance depending on the direction and

preponderance of the induced variations in the W-and L-values. This suggests

that a morphological analysis of the described type becomes useful as an integral

part of preliminary-concept evaluation, and helps to determine the most fruit-

ful area of approach.

Equations(III.1-38 and 1-39) pertain, in a stricthense, to the load applied to a given

contact area as well as to the linear dimensions of that area, and not to vehicle

weight and size. Therefore, they illustrate the trend rather than specific values.

To evaluate a specific track vs a specific wheel in a more rigorous way, Equa-

tions (I12.1-17 and 1-18)have to be used as shown in subsequent examples.

EFFECT OF TYPE, NUMBER, AND SIZE OF WHEELS

These problems have been considered in detail m References 3 and 4. It may be

worthwhile to repeat some of the considerations involved, as they bear directly

upon a solution for lunar surface locomotion.

In order to compare the performance of rigid and elastic wheels in soft soil,

Equations (III.l-15 and 1-16) can be used, where it is assumed that the form of the

ground-contact area of a highly elastic wheel approaches a flat surface. Com-

paring two wheels of identical overall dimensions, it can be seen from Figure

III.l-14 that the elastic wheel is clearly superior from the point of view of motion

resistance over a wide range of soil consistencies. Although not clear from the

graph, the soil would have to be very hard (high k¢ values) before the perform-

ances of the two types of wheels approached each other.
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The effect of wheel number is summarized in Fig.III. 1-15. A group of vehicles,

each weighing W = 12.5 ib, was evaluated from the Rc/W ratio viewpoint while

assuming that the vehicles were equipped with 2, 4, 6, and 8 wheels and tracks.

The computations were performed for the wheel and track dimensions specified

in Figure III. 1-15.

The significance of these computations lies in the effect of soil type upon per-

formance of the various wheeled and tracked con/igurations.

It can be seen from the graph that the effect of wheel number is very significant

at low soil strength. However, the h_crease in the number of wheels beyond six

does not result in significant motion-resistance reduction. The performance of

a tracked vehicle is only slightly superior to that of the six-and eight-wheel

vehicle co_f iguration.

The effect of wheel diameter in soft soil can be investigated for elastic wheels

by using Equation (III.l-15), and plotting the motion resistance weight ratio (Re/W)

as a function of wheel diameter, for various soil consistencies. A typical re-

sult ks shown in Fi_g. (III.l-16). It indicates that there is an asymptotic value

of wheel diameter beyond which it does not pay to go for the assumed soil-value

range. In the considered case of a 12.5 lb, 6-wheel vehicle, it is not worth-

while to use wheels larger than 18 inches in diameter, even for the soft lunar

surface model specified by JPL (k¢ -- . 083) in the subject RFP.

OBSTACLE CROSSING

As has been stated previously, the mobility of vehicles depends not only on their

soft-ground-cros._ing ability but also on their ability to overcome obstacles and

respond to ground-surface unevenness with minimum shock and vibration.

In this discussion, only obstacle crossing will be considered in view of our lack

of knowledge of the microroughness of the lunar surface.

J
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As in the evaluation of soft-ground performance, analytical methods can be

utilized to compare and evaluate the obstacle performance of various types of

vehicle configurations.

For example, the obstacle-climbing ability on a hard surface of a rigid frame

wheeled vehicle with all wheels driven can be expressed (9) by the following

equat ion:

[11. 2 ] [ ]r cos 0 - 1-_ r sin 8 = ki

- 2_ L' L-'7-

where /a = coefficient of friction between wheels and surface

r = wheel radius (in.)

L' = distance between first and last axles (in.)

sinO = (1 - h/r)

r

L'
1-4o)

h = height of vertical obstacle (in.)

The obstacle climbing ability of an articulated elastic frame wheeled vehicle *

with three or more axles can be expressed by:

h = ._N-3) Wo/a...÷ (2Wo - K'r;# - _¢0 - K'r)

K'(1 - li 2)

for condition r< h< (L ÷ r), and

L = wheel base (axle-to-axle distance, in. )

N "- number ,of __x!es

K': ^'_-'_" f_m_. soring constant (lb/in.)

W = load per axle (lb)
O

For r >h, the climbing ability of the elastic frame vehicle is given by:

sinO. _ cosO 1
cos0-_ sin 0 = (N 21)/_

where again sin 0 = (1 - h/r)

(In. :z-4z)

(III. 1- 42)

*Patent Applied For, M.G. Bekker, GM Defense Research Laboratories,
Serial No. 224,754.
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Fig. 111.1-17. Elastic Frame Wheeled Lunar Vehicle with 
3- Foot Diameter Wheels Operating in Sand Dunes 

III. 1-38 
I .  



GM DEFENSE RESEARCH

. • ! •

LABORATORIES _ GENERAL MOTORS CORPORATION

TR64-26 •

i I !
•" 0

A

Z

0

L)

0

0

,'-4
_2

>

0_

_o
•"-4 ,-_

°,-4

o_

._>

.,--4

< 0s

o o
h0

oZ

0

!

. : - •

ILI. 1-39



G M  D E F E N S E  R E S E A R C H  L A B O R A T O R I E S  Qb G E N E R A L  M O T O R S  C O R P O R A T I O N '  

TR64-26 

Fig. 111.1- 19. Three Types of Lunar Roving Vehicles 
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Using the foregoing equations, the comparative performances of rigid and

elastic-frame vehicles, and effect of the number of axles, can be evaluated.

The ability to negotiate a vertical obstacle of the elastic-frame, wheeled lunar

vehicle shown in Fig. III.l-17 is compared in Fig. HI. 1-18to that of the same

vehicle equipped with a rigid frame. Note that the superiority of the elastic-

frame version increases markedly as the coefficient of friction between the

wheels and surface increases. Further note that although the rigid frame ver-

sion can only negotiate an obstacle approximately equal to its wheel radius, the

elastic-frame vehicle can climb an obstacle several times higher than its wheel

radius.

Three types of lunar roving vehicles are shown in Fig.III.l-19,_Fig.III. 1-20

shows the effect on obstacle performance of the number of axles for the elastic-

frame, wheeled lunar vehicle model at the bottom oil Fig. III. 1-19. This demon-

strates that up to the point where the frame buckles, increasing the number of

axles will increase the maximum negotiable obstacle height.

ACCURACY OF PREDICTIONS

Questions often arise as to the accuracy of the analytical methods .utilizedherein.

Extensive field and laboratol-y tes;s by GM DRL and such organizations as the

Land Locomotion Laboratory of the Army Tank-Automotive Command have dem-

onstrated a high degree of correlation between calculated and experimental

results.

This can be illustrated by means of several examples.

Fig. III.1-13 has compared calculated drawbar-pull values for the screw and

tracked models shown in Fig. III.l-19 each at two weights, with results of tests

conducted in the laboratory in dry pumice.

Fig.III.1-21 shows predicIed versus measured drawbar-pull values for the six-

"wheeled (7.5-inch-dLameter tires) lunar vehicle model shown in Fig. IH, 1-19.

Tests again were conducted in dry pumice under laboratory conditions.

III. I- 42
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Fig.Ill.l-22 compares calculatedvalues of Drawbar Pull/Weight ratiowith

results of testsconducted under fieldconditions with the six-wheeled lunar

vehicle shown in Fig.Ill.l-17. The wheel diameter for thisvehicle is 3 feet,

and testweight was 67 pounds.

Figs.III.I-23 and 1-24 show comparisons of predicted and measured drawbar

pullas a functionof slipfor fu11-sizetracked and wheeled tractors, as well as

their 1/4-scale models. These testswere conducted inthe laboratory under

controlled soilconditions.The calculatedvalues are shown by solid lines.

Since the processing of the sandy loam for the number of tests required could

not possibly result in reproducing the originalsoilstate at alltimes, the mea-

sured spread of soilvalues resulted in the prediction of drawbar pullswithin

the hatched banff,as determined by two standard deviations, or by approximately

90_oof the soilvalues measured. Indry sand, which is very easy to handle and

does not appreciably change itsstate,only one set of soilvalues, hence one line,

was produced. The experimental resultsare marked by solid and open dots.

The agreement between theory and experiment may be described as quitegood

for both the full-sizeand scaled-down tracked and wheeled vehicles. Itks most

interestingthatthe accuracy illustratedin Figs.III.1-23 and 1-24 may be

obtained by means of the same equations, irrespective of whether one is con-

cerned with a 50-inch-diameter wheel or itsreplica of 12.5-inch diameter; or

ifthe evaluation is performed for a 15,000-pound tractor or a 200-pound model.

Ithas aLso been demonstrated thatgood agreement can be obtained between pre-

dicted and experimental obstacle performance. (9) Figs.III.1-18 and 1-20 dem-

onstrate thisfor the case of the wheeled lunar vehicle models shown in Figures

-III.1-17&I--19respectively. In each case, the data points measured in the

laboratory show excellentagreement with the calculated results.
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Fig. HI. 1-23. Predicted and Measured Drawbar Pull Versus Slip;
Full-Size Tractor and Its I/4 Scale Model
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3. PayloadEnvelopeLimitations

The study of both soft-ground crossing and obstacle crossing inevitablyhas led

to the conclusion thatthe larger the vehicle, the more mobile itis. Perhaps

thiswas not a new discovery. Nevertheless, the quantitativerelationships

involved are new enough to dramatize the problem. The problem of designing

the most mobile lunar roving vehiclenow can be simply stated:fitintoa given

space envelope the largest possible vehicle.

The usual space limitations,together with the requirements from the mobility-

performance point of view for a vehicleof relativelylarge physical size, make

thisa most difficultproblem.

To help resolve the problem, various studies of a general nature were made of

foldingand collapsibleconligurationsand mechanisms.

Fig. III.1--25 shows a wheel whose diameter can be changed for stowage purposes.

In the top photographs of Fig. ITI.1-26, a lunar vehicle model is shown stowed in

a cylindrical container in two different ways.

Various methods of vehicle stowage have also been studied to satisfythe pay-

load envelope limitationsand centerof gravity constraintsgiven in Hughes

Aircraft Co. 3pecificationNo. 239503.* These requirements are shown inthe

sketches of Fig.Ill.1-27. To aid inthese studies, full-sizemock-ups were

constructed of the Surveyor spaceframe and payload envelope (Fig-.Ill.1-28).

From the previous discussions of lunar terrain characteristics and mobility

performance an elastic frame vehicle of large dimensions was chosen to

be packaged in this envelope. With elastic or deformable wheels, the vehicle

*"Surveyor Basic Bus (2100 ib) Payload Interface Requirements and Spacecraft
System Description. "
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UNFOLDED FOR NORMAL OPERATION

COLLAPSED FOR STORAGE

Fig. II1.1-25. Collapsible Wire Frame Wheel
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Fig. III. 1-26. Wheeled Lunar Vehicle Model in Various Storage Co_ffigurations
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can be efficiently packaged as shown in Fig. III.1-29. The vehicle is folded into

a triangular shape, with the wheels deflected to fit the envelope contour.

Surveyor flight-control requirements make it necessary to maintain the CG of

the entire spacecraft within a cylindrical volume 1.8 inches in diameter by

I.5 inches long, centered around the vertical axis approximately 18.5 inches

above the plane of the lower frame. Therefore, compliance with the CG tolerances

specified is to be considered carefully.

To fit this package on the Surveyor spaceframe, within the specified space,

two methods of stowage were considered; these are shown in Fig. III. 1-30.

Although configuration (b) is more readily adaptable to the shape of the

envelope, it was decided that configuration (a) was superior due to preferred

center of gravity location and ease of vehicle deployment and unfolding. The

mechanisms of this configuration are discussed in considerable detail in a

later section.
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4. ProposedConfiguration

SUMMARY OF CONCLUSIONS

Based on the foregoing considerationsregarding mobility performance, lunar

terrain characteristics,and payload envelope limitations,itwas determined

thatthe proposed SLRV should have the followinggeneral characteristics:

(I) Capabilityof being stowed on the current Surveyor in a space approx-

imately 3 ftx 2.5 ftx 2 ft,withinthe envelope and center of gravity

locationconstraintsgiven in HAC SpecificationNo. 239503

(2) Maximum gross vehicle weight of 75 Earth pounds (12•5 Ib lunar),in-

cluding payloads such as soil-properties-measuring instrument, stadia

rod for topographical survey, communication equip sent, etc.

(3) Simplicityof design for reliableoperation

(4) Abilityto cross the weakest specifiedsoilwith minimum motion

resistance

(5) Abilityto negotiateobstacles large in comparison to vehicle size

(6) Abilityto keep allvehicle tractiveelements in contact with the ground

even in the case of severe surface undulations

(7) High degree of maneuverability

(8) Identicaloperationalcharacteristicsinforward and reverse

(9) Reliabilityand ease of deployment from Surveyor frame to the lunar

surface

To fulfillthe foregoing requirements, itwas decided thatthe preferred con-

figurationshould be a three-element articulatedwheeled vehicle with as large

and as highlyelasticwheels as practicable.Furthermore, itwas determined

thatarticulationshould be accomplished by providing the vehicle with a flexible

frame thatwould permit large amounts of rolland pitch.
• -4
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This type of construction, together with the elastic characteristics of the wheels,

would permit a vehicle of relatively large physical size to be folded within the

given space envelope without the necessity of providing mechanisms to collapse

the wheels or fold the frame. In addition, the freedom in pitch and roll between

axles would greatly improve overall mobility by permitting individual wheel

loadings to remain essentially equal over a wide range of surface unevenness;

this also results in excellent obstacle-crossing ability.

As a result of these considerations, the vehicle configuration shown in Fig.III. 1-31

was chosen for further development. Specifications and characteristics

for the proposed vehicle are summarized in Table IH. 1-1. (Unless otherwise stated,

all values following are in terms of lunar equivalents. )

DESCRIPTION

The vehicle is a six-wheeler in three units coupled together with a pair of thin

flexible bars. It is symmetrical fore and a/t about the center unit in order to

obtain identical performance and operational characteristics in forward and

reverse. Nominal maximum vehicle speed is approximately 0.75 ft/sec.

Overall length and width are 72 inches and 36 inches respectively. Distance

between axles is 27 inches and the tread is 28 inches.

Angles of approach and departure are a minimum of 120 °, and the outline of

_.l_e IJ_yAUau'--_'4 ...... *_"_'+_ On +ha frnnf _nd roRr RY|eR are a minimum of 3 inches

inside the wheel circumference outline, at and below the axle centerltne.

The bottoms of the compartments are provided with skids or runners for pro-

tection when running over obstacles.

Minimum ground clearance under the payload compartments is 6 inches when

the wheels are deflected in the static condition.

III.1-57
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TAB LE Ill.i- 1
A

SURVEYOR LUNAR ROVING VEHICLE

CHARACTERISTICS AND SPECIFICATIONS

General

Gross Weight

Length, Overall

Width, Overall

Wheel Base

Tread

Wheel Diameter

Wheel Width

Ground Contact Area, Per Wheel

Ground Contact Pressure

Ground Clearance

Hang-up Radius

Angle of Approach

Angle of Departure

Center of Gravity (above axle centerline)

Performance

Lateral Stability, Static

Gradeability (_ > 0.7)

Steering Radius, Wall-to-Wall (30°steering angle)

Tracking Encroachment (30 ° steering angle)

Speed, Nominal

Obstacle Crossing Ability (for _ = 0. tl)
Vertical Step

Crevice, Spanning

Wheel Drive Requirements

Nominal Torque, Per Wheel (at 10 rpm)

Torque, Per Wheel (at 2 rpm)

Stall Torque, Per Wheel

Steering I)rivin_ Characteristics

Nominal Torque, Per Axle (at 2 rpm)

Stall Torque, Per Wheel

12.5 Ib(lunar)

'/2in.

36 in.

27 in.

28 in.

18 in.

8 in.

31.5 sq in.

0.065 psi

6 in. (rain)

5.6 in.

120°(rain)

120°(rain)

3 in. (max)

45°(rain)

45 °

71.5 in.

6 in. (max)

O. 75 fps (max)

30 in.

20 in.

6 in.-lb

50 in.-Ib

60 in.-lb

33 in.-Ib

I00 in.-Ib

-- v.
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Gross vehicle weight is 75 Earth pounds or 12.5 lunar pounds, and is distrib-

uted fairlyequally over the six wheels.

The vertical centers of gravity of the individual units are a maximum of 3 inches

above the axLe centerlines.

Wheel Characteristics

Wheel diameter and width are 18 inches and 8 inches respectively. Hub diameter

is a maximum of 5 inches. Under staticconditions,wheel deflectionis on the

order of 0.5 inch, resultingin a ground contact-area (per wheel) of 31.5 sq in.

and an average ground pressure of 0.065 psi. This is achieved with a wheel

effective-spring-rateof 4 Ib/in.

As shown in Fig.III.1-32 thisextremely low ground loading results in minimal

vehicle motion resistance, even for extremely weak soils.At the specifiedsoil

condition(kc=O, n=l, @ =20°, c=o, k¢=0.083) the motion resistance is only

approximately 8°_of vehicle weight, while the drawbar pullis over 2505of

vehicle weight. This signifiesthe abilityof the vehicle to climb slopes of

approximately 25% even ifcomposed of soft,loose soil. Furthermore, the wheel

is able to be deflected4 inches for stowage purposes without overstressing the
a

wheel spring wires.

Wheel Drive Characteristics

Itis assumed thatthe nominal maximum vehicle speed willbe 0.75 ft/sec. This

requires a wheel speed of 10 rpm at zero slip. For an assumed Resistance/Weight

ratio of 0.3, each wheel requires a nominal torque inputof 6 in.-lb.

Stalltorque at the wheel is on the order of 60 in.-lb., and 50 in.-lb. is available

at a wheel speed of 2 rpm.

. •

°_.

Each wheel drive is provided with a device thatpermits _e wheel to become

free-wheeling in case of motor or drive-line failure.
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Steering Characteristics

Both front and rear axles will be steered simultaneously. Synchronization is

provided at the straight-ahead position, and at each 7. 5° increment up to the

maximum steering angle. The steering pivots are located about 2.5 inches from

the axle centerline (aft of front axle and in front of rear axle. ) The maximum

steering angle is at least 30 °. These conditions result in a wail-to-wall turning

radius of 71.5 inches and a maximum tracking encroachment of the center

wheels of 6 inches.

Steerin_ Drive Characteristics

Nominal steering torque required is based on an assumed coefficient of friction

of 0.5 when the vehicle is in motion. For equal wheel loading, this results in a

torque requirement per axle of 33 in. -lb. Under these conditions speed of steer-

ing should be about 2 rpm.

For steering when the vehicle is stationary, and keeping in mind that no differ-

ential action exists between wheels, the torque requirement is on the order of

100 in.-lb.

In case of failure of a steering motor, a device rotates the axle back to its zero

position and locks it there. Steering is then accomplished by the remaining motor.

A system is also provided whereby some or all of the wheels on one side of the

vehicle can be disengaged, stopped, or reversed, resulting in a differential

torque between the sides of the vehicle. This would enable skid steering to be

used in case of total failure of the primary steering system.

Elastic Frame Characteristics

In order to obtain an optimum compromise between the requirements for payload

compartment volume and mobility performance, the bottom of the elastic frame

is 6 inches above the ground when the wheels are in their deflected condition.
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Free length of the elastic frame between axles is approximately 24 inches, and

the effective spring rate of the frame is on the order of 0.25 lb/in. This gives

the vehicle the ability to climb vertical-step obstacles 30 inches high and to

cross crevices 20 inches wide with vertical faces and a hard surface.

Furthermore, the frame stiffness in roll permits a minimum axle rotation of

± 45o; payload compartments are shaped in such a manner as to permit the

necessary amounts of roll and pitch.

FULL-SIZE MOBILITY MODEL

J
In order to further evaluate the obstacle and mobility performance of the pro-

posed vehicle, as well as to study stowage and deployment problems, a full-

size powered model with simulated equipment compartments of maximum

volume was constructed using lunar-wheel and elastic-frame spring stiffnesses.

Sequence photos of the model automatically deploying from the Spacecraft and

uafoldingare shownin Figure HI. 1-33, and photographs of the model,

showing pitch and roll characteristics are given in Figure III. 1-34.
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Fig. 111.1-33. Deployment Sequence of Surveyor Lunar Roving Vehicle 
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Fig.III.1-34. Pitch and Roll Characterist ics of Surveyor Lunar 
Roving Vehicle 
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B. SLRV OBSTACLE-PERFORMANCE ANALYSIS

INTRODUCTION

An analytical and experimental study was undertaken by GM DRL's Mobility

Research Laboratory to investigate the obstacle and crevice-crossing capabilities

of the 6 x 6 flexible frame vehicle concept proposed for SLRV. The investigation

consisted of a tl-eoretical analysis of the elastic frame-obstacle characteristics

and a laboratory test program using the SLRV Mobility Investigation Model.

Theoretical Analysis

A simplified analysis was made for expressing the maximum step obstacle

height a vehicle provided with an elastic frame may negotiate. The equations

of obstacle crossing were obtained by applying the conditions of static equilibrium

only, neglecting dynamic effects in the interest of simplicity. Since vehicles are

usually operating at low speeds when crossing high obstacles, this assumption

does not appear to be objectionable.

As a result of this analysis the following relations were obtained for the limiting

obstacle height of a 6 x 6 flexible frame vehicle:

It"J _ ¢. ¢_nrli f ; t-in h ( 1"

2
h I 1 -2_

r _I + 5 Z + 4 Z

(b) condition h > r

h I + C 2 15
F: _l- (_" + T

I + _ 2 WL 3

where C = _

r 2

-E # 1)
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EXPERIMENTAL INVESTIGATION

A test program was conducted using the full-scale mobility model of the SLRV

to further investigate the obstacle and crevice-crossing capability of the vehicle

as affected by various factors and to provide a basis for trade-off studies in the

design program of the SLRV.

The self-propelled, full-scale mobility model was designed so that the vehicle

configuration could easily be changed.

Adjustable height, solid, vertical obstacles were used in the test program. The

maximum negotiable obstacle height and crevice width was determined on the

basis of "go" and "no go" experiments with an accuracy of one (I) inch.

"4

The factors which can effect the obstacle and crevice performance are as follows:

(a) Surface friction coefficient
(b) Flexible frame stiffness

(c) Gross vehicle weight
(d) Axle load distribution
(e) Wheelbase

(f) Location of C. G.

(a)

(b)

(c)

The effect ol the surlace friction coefficient is shown in Fig.III. 1-35.
Experimental results of'obstacle performance for flexible frame

vehicle, semi-flexible frame vehicle, and rigid frame vehicle of the

same size and weight are shown on the graph.

The effect of the stiffness of the flexible frame was investigated by
changing the thickness of the leaf springs connecting the three axles.

A wide range of frame stiffness - from the completely rigid (C = 0)
to a highly flexible (C = 6) condition was covered in the test program.

The test results are plotted in Fig. IIt. 1-36. The sudden drop in obstacle

performance beyond C = 4 is due to the buckling of the spring frame.
The opposite effect of frame stiffness on obstacle and crevice perfor-
mance can be clearly seen.

The effect of gross weight (at equal axle load distribution) was investi-
gated by changing the vehicle weight from 24 to 54 lbs. with all other

parameters kept constant. It is evident from the results (Fig.III. 1-37
that both obstacle and crevice performance are independent of vehicle

weight. The same conclusion was arrived at in the theoretical analysis.
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(d) The effect of axle load distribution was investigated by overloading one

of the three axles at a time keeping the other two axle loads constant.

The test results are presented in Fig.III. 1-38. It can be seen from the
graph that the overloading of the center unit results in the least amount

of drop in obstacle performance. Overloading the rear unit is the most
detrimental and therefore it should be avoided.

When the overload of the center unit was transferred to the front and

rear units by means of prestressing the flexible spring frame, no detri-
mental effect on obstacle performance was found (see dotted line in

Fig. III. 1-38.

(e) The effect of wheelbase on obstacle and crevice performance is shown

in Fig. iiI. 1-39. The drop in obstacle performance beyond L = 27 inches is
due to the hant_-up on the frame between the axles.

(f) The location of C.G. in the vertical direction also effects obstacle

performance as shown in Fig. III. 1-40.

In addition to the test program conducted to determine the effects of various

factors on obstacle performance as described in (a) to (f) above, a series of

experiments were performed, to help to determine wheel drive torque require-

ments in obstacle crossing. The vehicle model was instrumented for this purpose

to be able to measure wheel torque and wheel slip on all three axles independently.

Obstacle crossing tests were then conducted for obstacle heights ranging from 4

to 32 inches and the torque on all three axles were recorded as a function of

elapsed time. Typical torque curves for obstacle crossing are shown in Figs.III. 1-41

and HI. 1-42 for 18 and 32 inches high obstacles respectively.
J

For energy calculation purposes ""^t,,_average 0_=_'_,_1o_.__..........rrn_._ing resistance was

determined then from these test results and plotted as a function of obstacle

height in Fig. III.1-43.

The average slip i obstacle climbing as a function of obstacle height is pre-

sented in Fig.III. 1-,_4.
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CONCLUSIONS

1. The gross vehicle weight does not effect obstacle performance.

2. At surface friction coefficients higher than 0.6, the obstacle capability

of the vehicle is 32 inches.

3. The optimum flexible frame stiffness is between 2.5 and 3.5.

4. If equal axle load distribution is not possible then consideration should

be given to design the center unit heavier, rather than the front or

rear units.

5. The optimum wheelbase was found to be L = 27 inches.

6. The location of C.G. should be less than 3 inches above the wheel axis.

.J
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A simplified analysis is presented here for predicting the obstacle height

which a vehicle provided with an elastic frame may negotiate.

The equations of obstacle performance are obtained by applying the con-

ditions of static equilibrium only. Various dynamic effects which are present

in actual vehicles are neglected in the interest of simplicity. This assumption

does not appear to be objectionable for the purposes of this analysis, since

the vehicles are usually operating at low forward speeds whj_rn crossing high

vertical obstacles.

For this study the EFV is considered to consist of three equally loaded

axle assemblies connected by a massless elastic frame. The wheels of the

vehicle are assumed to be rigid, i.e., the deformations of the pneumatic

tires are neglected for reasons of simplification. All six wheels of the vehicle

are supposed to be driven, and the stiffness of the elastic frame is the same

along the entire frame. It is also assumed that the vehicle is operating or, a

hard, friction-type surface of a known coefficient of friction.

In considering the obstacle performance of the EFV it is found that two

cases exist depending on the height h of the obstacle and the radiusY" of the

wheel. These two conditions are as follows:

Condition _'_ < [_

A vehicle climbing a vertical obstacle is shown schematically in Figure

III. 1-45. Let _%/be the total load carried b 7 each axle assembly, and _ be

the distance between two consecutive axles. The effective coefficient of

III. 1-83
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friction between the tire and ground is denoted by _ . Other symbols are .... as _....

indicated in the figure.

For the condition of equilibrium of the horizontal forces we have

(Silo 1-43)

and the ecluilibrium of vertical forces yields:

At the onset of obstacle crossing, the vertical force reactions _ and /_

can be assumed to be substantially the same and e¢tual to the ax.le load. On

this basis we obtain

and solving Equations (III. 1-43) and (HI. 1-44) simultaneously gives

After some obvious manipulation, the angle _ is obtained as

From the geometry of the system, the obstacle height is given by

D = (.t - <:><) (.[H. 1-46)

Making use of Equation (llI. 1-45) and the trigonometric relation

. 4_o x

•3�ON ==
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the limiting obstacle height is found to be

.o,o.s co.,o. Av.o.

TR64-26 i;

(III. 1-47)

It is interesting to note that below values of /L ---_//_--, the obstacle

performance of the EFV depends only upon the friction coefficient _ ,

and there is no difference in the performance of the EFV regardless of the

stiffness parameters involved.

Condition /_ ._

Now a vehicle is considered when the obstacle height ]7 is higher than

the wheel radius 7_ . In Fig. llI. 1-46 a schematic sketch of such a condition

is presented with the front wheel of the vehicle climbing the rigid vertical

obstacle.

When the conditions of equil ibrium are applied to the whole vehicle, we

have for the horizontal forces

(III. 1-48)

and for the vertical forces

(III. 1-49)

In this case the performance equations cannot be obtained from the

principles of statics alone, and it is thus necessary to consider the stiffness

of the elastic frame as a parameter. As illustrated in Figure III. 1-47, the

elastic frame may be regarded as a simple beam with a concentrated load

and a moment at a distance _ from the support. For small deflections

IIl. 1-85
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of the beam, the longitudinal force is not significant. After introducing the J_"'"
TR64-26 , i

beam reactions at the wheel centers, it is evident that each axle assembly

can be considered separately. The free bodies of the individual wheels are

drawn schematically in Figure III. 1-48.

The equilibrium of the first wheel yield_ :

P = /_ N -- _/ (m. 1-5o)

/v/ = ,,_ N 7" (m. 1-51)
J

i"_,

,.-.,.

For the condition of equilibrium of the vertical forces at the second wheel

we get

= W- z_ N/C

and making use of Equations (III. 1-50) and (III. 1-51), we obtain

& = ,_w-/.<._ (z ÷ _) (,H.,._>

In a similar manner, the equilibrium of the vertical forces at the last wheel is:

= /-/-+p+ _/¢

and with Equations (Ill. 1-50) and (III. 1-51), we obtain

P

= Z_/¢(x + E)

Substituting these relations, Equations (Ill. 1-52) and (Ill. 1-53),

(Ill. 1-48) give the value for N as

(in. 1- 53)

in Equation

III. 1- 86
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By the principle of limar superposition, the elastic deformation _R_2B --

elastic frame at the first wheel is given by

with

h-r = _ P ÷ /4_ _ _m.1-55)

z t _ _- £_"
-- and KZ = 6 E T-

where E is the modulus of elasticity of the elastic frame and _ its area

moment of inertia.

Inserting the values for P

(III. 1-54) yields

After making the expression dimensionless,

and/V_ from Equations (III. 1-50), (Ill. 1-51) and

1+/_ V_ ÷ .Kz r
the following relation is obtained

for the limiting obstacle height of the EFV:

h i ÷ c IE p Z -(in. l-56)

with

WL _

C - 3 EZP

"_-* for -_o _P tH_ obstacle performance of the EFV dependsit can be seen _ ......

on the friction coefficient /L_ as well as on the geometry of the vehicle as

expressed by the dimensionless value C and the ratio _/_ .
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Figure III. 1-45 Obstacle Climbing of EFV. Condition h _ D

IW

V

_/ _N

W ,_ A/

h

_g
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Figure III. 1-46 Obstacle Climbing of EFV. Condition h >
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Figure III. 1-47 Elastic Deformation of a Simple Beam
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N

Ex_er_ Forces

8_am, _eac_16n_

Figure HI. 1-48 Free Bodies of EFV
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TERRAIN VALUES

Based on the description of lunar sites given by JPL in EPD 98, four lunar

surface models were postulated for our mobility analysis.

The firsttwo types of surface configurations correspond to a soft surface

composed of fine dust. The second two surface configurations relate to the

rough, hard irregular model of the lunar surface.

The description of these four postulated lunar surface models is given
in Table III. 1-2.

The surface roughness distributionfor the hard lunar surface models was

determined as follows:

Surface Roughness Distribution

For our mobility analysis we assume the distribution of negotiable obstacles

only in the path of the vehicle between 1 meter and 5 cm in size, since larger
than 1 meter obstacles will have to be avoided. Obstacles less than 5 cm

in size do not considerably affect mobility.

It was assumed furthermore that the surface roughness consists of protu-

berances conforming to the size distribution equation

n
(See Figure III. 1-49)

where N is the number of protuberances larger than X over a surface area,

Xmax isSthe largest considered particle size (1 meter) and n is a constant

which experimentally was found to be n = 2.3 for impact cratering formation

processes (Shoemaker, V. Head).

Assuming that the spacing of protuberances equals twice of their size (gap

between obstacles is equal to the obstacle size) as the worst condition

(Lunar model No. 4) the number of protuberances in the path of the vehicles

can be computed. The results of these computations are presented in

Table Ill.1-3.

t

,1--
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The vehicle selected for SLRV is a six wheeled, articulated vehicle composed

of three units coupled together with flexible frame that permits large amounts

of pitch and roll. The general characteristics of the vehicle are given in

Table III. 1-4. Since the weight and weight distribution of the vehicle is continuously

changing as the design study progresses therefore the weight of the vehicle in

our mobility analysis was considered as a parameter covering a range of I.5

to 3.0 lunar Ibs. per wheel (corresponding to a total vehicle earth weight of

54 to 108 Ibs.)

MOBILITY PERFORMANCE EVALUATION

The mobility performance of the SLRV was evaluated according to the methods

used in off-the-road mobility research. This method is based on an analytical

approach, where mathematical models expressing the physico-geometric

relationship between vehicle and terrain are used to evaluate vehicle performance

characteristics. Laboratory and field tests are also utilized in this approach,

either to confirm calculated predictions or to help to solve mobility problems

that are not readily amenable to analytical treatment.

Mobility Performance over Soft Lunar Surface

(Lunar surface model i and 2)

The procedure followed in this evaluation consisted of the following steps :

(a) The length of the ground contact area was computed as follows :

k = 2 _/d(D-d) (in)

(b) The width of the ground contact area was calculated as

b = 2 "Jd rc___ (in_

(c) The ground contact area was determined assuming an elliptical

shape:

kbrt
A - (sq. in/sheel)

4

(d) The average ground pressure was computed by :

We J
P = A (psi)
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The wheel sinkage was obtained by means of the following equation :

1

Z = (in)

The gross tractive effort as a function of wheel slip was computed by :

0

K
H = Wo tan ¢ (1-e ) (lb/wheel)

The motion resistance due to soil compaction was determined by :

(i)

d)

(k)

(1)

HI. 1-92

R = r b kC]z n+l (lb/wheel)
c Ln+ 1J

The motion resistance dur to soil bulldozing was computed by :

cotan B J

(]b/wheel)

The rolling resistance was estimated at 7 percent of the wheel load:

R = 0.07 Wo (lb/wheel)r

The slope resistance was calculated by :

R = Wo sin a
S

db/wheel)

The drawer-pull/weight ratio was determined by :

H- (Re+Rb +R +Rs)
DP/W = r

W

(dimensionless)

Energy requirement for locomotion was computed by :

E

1.23 (Rc +R b +Rr +Rs)

(1 - io)
(Watt hrs per KM)
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The numerical results of the computations are collected in Table hl. 1-5.

The locomotion energy requirements for the softlunar surface models (case I

and II)are summarized in Table Ill.1-6.

The gross tractive effort as a function of wheel slipfor various wheel loads is

plotted in Figure III.1-50.

The motion resistance as a function of wheel load is presented in Figure III.1-51.

The motion resistance at various slopes is plottedas a function of wheel load

in Figure Ill.1-52.

The drawbar - pull/weight ratio as a function of slip for various_heel loads
is given in Figure III.1-53.

The locomotion energy requirement is plottedas a function of wheel load

for the two soft lunar surface models in Figure III.1-54.

Mobility Performance over Hard Lunar Surface (Lunar surface models 3 and 4)

The mobility performance of the vehicle over hard ground was calculated by

means of the following procedures :

(a) The gross tractive effort as a function of wheel slip was computed by:

-i _,
O

H = Wo p (l-e K ) (Ib/wheel)

Co) The rolling resistance was estimated at 7 percent of the wheel load :

R = 0.07 Wo (Ib/wheel)
r

(c) The clope resistance was calculated by :

R = Wo sin a
8

(Ib/wheel)

(d) The obstacle resistance and energy required for obstacle climbing

was determined experimentally using a full size mobility model of

the SLRV. The results of these tests are given in Figures III. 1-43
and III. 1-44.
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Energy requirement for locomotion was computed as a sum of

energy required to overcome

(1) rolling and slope resistance

(2) obstacle resistance

The energy requirement was computed by means of the following equation :

E
1.23 R

l-i
O

(Watt hrs per KM)

The gross tractive effortas a function of wheel slip for various wheel loads

is plotted in Figure III.1-55.

The motion resistance at various slopes is plotted as a function of wheel load

in Figure III.1-56.

The energy requirement for locomation is computed in Tables III. 1-7 and III. 1-8

for lunar-surface models 3 and 4 respectively.

The locomotion energy requirement is plotted as a function of wheel load for

the two hard lunar surface models in Figure 11I. 1-57.

--°
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TABLE II.I. 1-4

GENERAL CHARACTERISTICS OF

SURVEYOR LUNAR ROVING VEHICLE

Gross Vehicle Weight

Length, overall

Width, overall

Wheelbase

Thread

Wheel diameter

Wheel width

Wheel deflection under nominal wheel load

Ground Clearance

Angle of approach

Angle of departure

Center of gravity location

9 to 18

72

36

27

Z8

18

8

0.9

6

120

IZO

3

lb.(lunar)

in.

in.

in.

in.

in.

in.

in.

in.

degrees

degrees

in. (max)
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TABLE III.I-5

SUMMARY OF COMPUTATIONS

Wheel Load {Lunar Ibs)

Wheel Deflection {ins)

Length of Contact Area {ins)

Width of Contact Area {ins)

Contact Area (inZ)

Average Ground Pressure {psi)

Wheel Sinkage {ins)

Compaction Resistance (Ibs)

Rolling Resistance (Ibs)

Slope Resistance (Ibs) C_

Bulldozing Resistance

(ibs)

Total Re sist_nce

o{Ibs )0°

0C

0C

OC

O

=5

O

=10

= 15 °

OC

O_

0

=5

= 10 °

= 15 °

= 20 °

= 70 °

= 30 °

= 20 °

= 30 °

= 20 °

= 30 °

= 20 °

= 30 °

= 20 °

= 30 °

1.5

• 90

7.86

5.06

31.2

• 048

• 578

• 070

• 105

.131

• 260

• 388

•513

• 026

•045

•201

• 220

• 33Z

• 351

•461

•480

• 589
• 6O8

2.0

•90

7.86

5.06

31.2

.064

.771

. IZ5

• 140

. 174

• 347

.518

•684

.047

.O90

312

355

486

529

659

70Z

830

873

2.5

.90

7.86

5. 06
31.2

.080

•964

.195

.175

.Z18

•z134

.647

•855

•073

• 141

•443

.511

.661

.729

•877

.945

1.09

1.16

3.0

.90

7.86

5.06

31.2

• 096

1.16

• 282

.210

.261

.521

• 776

1.03

•105

• 204

.597

•696

•858

•957

1.12

I.22

1.37

I. _7
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TABLE III. 1-6

ENERGY REQUIREMENT FOR LOCOMOTION

Lunar Model I

Slope

Degree,

0 0. 220

+5 0. 351

-5 0. O89

+10 0.480
-I0 0

+15 0. 608
-15 0

Motion Resistance m

Weight per wheel, LBS

1.5

L,BS/Wheel

2.0 2.5
Jl

0.355 0.511

0.529 0.729

0.181 0.293

0.702 0.945

0.008 0.077

0.873 1.160
0 0

Percent

Occurence
Energy per wheel, Watt hrs pe_r__KM

O. 696

O. 957

O. 435

1. 220

O. 175

I.47e
0

Weight per wheel, LBS

2.0

344

049

016

034
001

026

0

75

7

7

3.5

3.5

2

2

1.5 2.5

O. 543

O. 069

O. 026

O. 051

O. 004

O. 036
0

3.0

O. 690

O. 092

O. 039

O. 062

O. 008

O. 048

0

Total 100

0.211 O.

O. 032 O.

O. 008 O.

O. 023 O.

0 O.

0.017 O.
0

O. 291 O.470 O.729 O. 939

Slope

Degrees

0

+5

-5

+10

-I0

+15

-15

Lunar Model II

Motion Resistance, LBS/Wheel

weight per wheel, LBS

Percent

Occurrenc(
Energy per wheel, Watt hrs per KM

Weight per wheel, LBS

I g

.220

0.351

O. 089

0.480
0

O. 608

0

2.0 2.5

0.355 0.511

0. 529 0. 729

0. 181 0. 293

0.702 0. 945

0. 008 0. 077

0. 873 I. 160

0 0

To_l

3.0

0.696

O. 957

0.435

1. 220

O. 175

1.470
0

25

14

14

13

13

10.5

10.5

100

1.5

0.070

0.064

0.016

0.086

0

0.092
0

0.328

2.0

0.116

0.099

0.033

0.128

0.001

0.137
0

0.514

2.5

0.167

0.138

0.052

0.189

0.012

0.189

0

O. 747

O. 231

O. 184

O. 078

O. 230

O. 027

O. 252

0

1.002
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TABLE III. 1-7

ENERGY REQUIREMENT FOR LOCOMOTION

Lunar Model Ill

Slope

Degree

0

+10

-10

+20

-20
+30
-30

+40
-40

Obstacle

Motion Resistance, LBS/Wheel

Weight per wheel, LBS
|

1.5

0. 105

0. 365
0

0.618

0

0. 855

0

1. 070
0

2.0

0. 140

0.487

0

0. 824
0

1. 140
0

1.420

0

2.5

O. 175

O. 609
0

1. 030

0

1.420

0

I. 780
0

3.0

O. 210

O. 731
0

1. 240
0

1. 710
0

2. 140
0

Total energy for slope climbing

Motion Resistanc% LBS/Wheel

Percent ]
Occurence

30

12

12

9

9

7.5

7.5

6.5

6.5

Length of

Energy per wheel, Watt hrs per

Weight per wheel, LBS

1.5 2.0 2.5 3.

0. 039
0. 055

0

0. 074
0

0. 085
0

0. 098
0

0.052

0.074
0

0.097
0

0.116
0

0.134
0

. 473

0.065

0.092

0

0.120

0

0.143

0

O. 168

0

0.5880.351

.

O.

O.

O.

O.

.

Energy per wheel a Watt hrs,pez
Height,
Meter

_ g. 85

-_ 0.60
;3 0.40
t) 0.25

o. 15

_ 0.0'5
_rJ

8

Weight per wheel, LBS

1.5 2.0 2.5 3.0

0. 570

0.480
0. 172

0. 063

0. 026

0. 007

0. 760

0.640

0.230

0. 084

0.034

0.010

0.950

0.800

0.287

0.105

0.042

0.012

1. 140

0. 960

0. 345

0. 126

0. 051

0.015

,t

Path with

Obstacles

Meter per

105.6

82.6

113.6

105.0

164.2

179.0

m

0.

0.

0.

0.

0.

Total energy for obstacle climbing 750 Oo

• Total locomotion energy 0.

1.5 2.0

176 0.235

076 0. I ^'UA

026 0.035

009 0. 011

006 0.008

002 0.002

295 0.392

646 0.865

2.5

0. 294
t_ I")L

0.043

O. 014

O. 009

0. 003

0.489

1. 077

Weight per wheel, LBS
i | _

0..

0.

0.!

0.[

0.(

0.(

0. _.

l.i
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TABLE III. 1-8

ENERGY REQUIREMENT FOR LOCOMOTION

Lunar Model IV

Slope
Degrees

0

+10
-10

+20
._ -2o

+30

"_ -30+40
m -40
0

Obstacle

Height,
Meter

O. 85

O. 60

0.40

o. z5

0.15O. 075

Motion Resistance, LBS/Wheel
Weight per wheel, LBS

1.5

O. 105

O. 365

0

0.618

Z.O

O. 140

0.487

0

O. 824

2.5

0. 175

0.609

0

1. 030

3.0

0,. ZlO
0.731

0

1. 240

Percent

Occurence
Energy per Wheel, Watt hrs per KM

Weight per wheel, LBS

1.5 2.0

0.05Z

0. 074
0

0. 097

2.5

0.065

O. 092
0

O. 120
0

0.855
0

1. 070
0

0

I. 140

0

1.420

0

0 0

I.4ZO I.710

0 0

I.780 Z. 140

0 0

30

12

12

9

0.039

0.055

0

0.074

0

0.116

0

0.134

0

0

O. 143
0

O. 168

0

3.0

9

7.5

7.5

6.5

6.5

0

O. 085

0

O. 098

0

0.078

0. II0

0

0.143

0

0.170

0

0.199
0

Total energy for slope climbing 0. 351 0. 473 0. 588 0. 700

Motion Resistance, LBS/Wheel

Weight per wheel, LBS

1=5

0.570

0.480

0.172

0.063

0.026

0.007

0.760

0.640

0.230

0.084

0.034

0.010

2;5

0.950
0.800

0. 287

O. 105

0. 042

0.012

3,0

1.140

0.960

0.345

0.126

0.051

0.015

Total energy for obstacle climbing

, .. , .

T6tal locomotion, energy

Length
of Path

with

Obstacles

Meter/KM

Energy per Wheel t Watt hrs per KM

1.5

0.235

0.101

0.035

0.01Z

0.007

0.002

0.392

743

Weight per wheel, LBS

2.0 _ 2.5

0.313

0.135

0.047

0.015

0.009

0.003

0.522

0.391

0.169

0.058

0.019

0.012

0.004

0.653

1.241

3.0

140.9

il0.1

151.5

140.0

219.0

238.5

0.995

0.469

0.202

0.070

0.023

0.014

0.005

0.783

1.483
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I_ WHEEL DESIGN

REQUIREMENTS

The wheel design has to satisfy requirements for:

(a) Mobility over both soft, and hard rough surfaces

(b) Environmental conditions of high vacuum, high and low

temperatures, radiation, micrometeorite bombardment, etc

(c) Durability

(d) Vehicle stowage.

APPROACH

To satisfy the mobility requirements over soft surfaces the wheel has to have

high traction and low motion resistance characteristics. For rough, hard

surface conditions the primary requirement is related to the dynamic perfor-

mance of the vehicle. Both of these requirements are satisfied with the

selection of a non-pneumatic flexible elastic wheel with deflection characteris-

tics similar to those of a low pressure pneumatic tire. The use of pneumatic

tires was rejected because of environmental and reliability considerations.

With a highly flexible elastic wheel, large ground contact areas can be

produced, thus providing excellent traction and flotation characteristics.

From the dynamic point oI view the flexible wheel has the effect of lessening

gross chassis motions, maintaining wheel contact with the surface and reducing

dynamic loads to the wheel and chassis.

The flexible wheel design can also satisfy the environmental and durability

requiFements. For example, mobility performance will be affected little i_

at all by punctures. The elastic characteristics also offer the advantage of

permitting the vehicle to be stowed in a minimum payload volume by pre-

deflecting the wheels.
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D ERIVED DESIGNS AND TEST RESULTS

During a development under the GM DRL Basic Lunar Program a number of

elastic wheels of different construction were built and tested in cooperation

with Goodyear Tire and Rubber Company. Three basic designs are shown in

Fig.Ill. 1-58. They are :

(a) Radial wire frame type, fabric covered

(b) Angular wire frame type, fabric covered

(c) Angular wire frame type, with pads.

The results of mobility tests performed with these three types of wheels in

GM DRL's Mobility Research Laboratory are displayed in Fig. HI. 1-59.

These results indicate that when comparing the mobility performance of the

covered type wheels (a, b) with the open pad type wheel (c) they both have about
DP

the same drawbar pull-weight ratio, -W-' but the efficiency of mobility or
DP

traction efficiency, (defined as the drawbar pull-thrust ratio, _ ), is superior

for the covered type wheels. This is due to the "digging in" action of the open

wheel which results in higher sinkage and therefore higher motion resistance.

Comparing the angular and radial wire frame wheels, both covered, the latter

has slightly higher drawbar pull-weight ratio, but the stability and durability

of the angular wire type has proven to be superior.

The e_stic wheel design selected for further development, based on the above

preliminary investigation, is shown in Fig.III.1-60. The elastic wire frame

is constructed in an angular pattern. The wires are joined together at each

intersection. These joints are free to pivot in order to allow pantographing

movement of the wire frame when the wheel deflects. The joints are encap-

sulated in neothane to increase life. The ends of the wires are attached to

the wheel hub in a manner to allow free pivoting. The wire frame is covered

with a flexible fabric material. Stainless steel mesh is considered for this

purpose, unless plastic type materials such as mylar can be developed for
.¢

the specific environmental conditions. The elastic wire frame is designed

to be able to permit a maximum of four inches deflection without overstressing

the wires. A stiff inner-spring frame structure is incorporated in the design

to prevent deflections larger than four inches.

III.1-112
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(a) Radial w i re  frame 

(b) Angular wire f rame,  fabric-covered ( c )  Angular wire f rame,  with pads 

Fig.III.1-59. Basic Wheel Designs 
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The specificationsof the proposed wheel design are as follows:

Wheel diameter

Wheel width

Maximum wheel deflection

Nominal static wheel load

Nominal wheel torque

Maximum static wheel load

Maximum static side load

Maximum wheel torque

Maximum dynamic wheel load

Spring rate

Nominal ground pressure

18 inches

8 inches

4 inches

2.08 lb

6 in.-lb

6.25 lb

4.40 lb

60 in. - lb

40 lb

4 lb/in.

.065 psi

J

Ill.1-116
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A. THERMAL

1. Thermal Control

APPROACH

System thermal design must provide a suitable thermal environment for components

and subsystems in stowed condition (launch phase, in-flight and after lunar landing)

as well as when the vehicle is functioning on the lunar surface. The variety of

environmental conditions and systems activities which characterize the thermal

problem during operating periods of the lunar day an(/during hibernation through

the lunar night, however, largely determine the approach to thermal design.

Vehicle thermal design for the stowed configuration will be made as adjustments

to the basic thermal design for lunar operation and as a part of the attachment

and deployment system design.

Thermal compartments can be designed for the equipment which is permanently

mounted on the Surveyor; however, the possibility of mounting this equipment in

compartment "B" will be investigated.

Thermal control requirements are based on a three-month system life. Thermal

conditions on the lunar surface aide significantly different thmn thosp, extmrienced

on an orbiting spacecraft. The lunar landing spacecraft must survive under

exposure to wide temperature fluctuations of long duration. Equipment on the

lunar surface will be exposed to two major external heat sources:

1) direct solar energy with the intensity of 1.39 kw/m 2

2) infrared radiation from the lunar surface at approximately 120°C.

III. 2-1
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Direct solar radiation on the lunar surface will last for 336 hours (14 earth

days)• During the lunar night, the surface will cool to approximately -157°C.

This condition will last for 336 hours.

The storage and operating temperature ranges of critical components and

duration of the lunar night require special provision for night-time heating

of the thermal payload compartments of the vehicle, if the vehicle electrical

power is derived exclusively from solar ceils. For R. T. E. power options it is

likely that sufficient electric heating power will be avaij_ble.

With solar primary power, it is expected that night-time heat would be provided

by a small radioisotope pellet connected to each of two vehicle payload compart-

menls. Preliminary analysis indicates that approximalely three watts heating

power is required Ior each compartment. The Oak Ridge National Laboratory

has estimated that a heating unit using Curium 242 as the radioactive source

could have the characteristics given in Table I.

TABLE fit. 2-1

Representative Heat Source Characteristics

Thermal Output

Wei_,.ht

Size

Imp;), I Tolerance

Temperature Tolerance

Radi at ion

Isotope

5. wall ._

40. grams

• 75 inch diam.

500 It�see

>1000. degrees F

<2.4 mrem/hr/3 ft.

Cm 242

The night-time heat sources may be left in the payload compar!me_,t throughout

the mission, if adequate primary radiation surface is available. If not, they may

be t_'ansferred from the. interior of the payload compartments to a side or the

bottoms of the compartments during the lunar day. Design studies will be per-

l,,rmed to decide. A third alternative of connecting the heat soarce to an exte, n.d

side or bottom of the compartment and making or breaking a conductive connet (ion

EI.2-2
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between it and the payload is not considered desirable, because it is most sen-

sitive to covering of exposed surfaces by lunar material.

It can be seen that five of the six sides of the middle equipment compartments

of the SLRV will be exposed to the lunar surface. Because of the high temperature

of the surface during the lunar day period, these sides must be isolated from

the equipment. The top of the compartment is the only side which does not have

a view of the lunar surface and therefore represents the only thermal control

surface available. To accomplish this control, the electronic component must

be coupled to the top surface. However, during the lunar night the external

inputs are extremely small and it is desirable to decouple the components. This

condition obviously requires a thermal controller.

The controller planned for use is the passive thermal switch developed by

Hughes Aircraft Company for the Surveyor payload compartments. Arrange-

ments allowing for the use of this component were made with HAC prior to the

currer, t procurement. Use of this thermal switch reduces the development

effort for thermal control of the vehicle compartments.

THERMAL SWITCH REQUIREMENTS

A preliminary analysis of the middle compartment of the current vehicle design

indicates the requirements for thermal switches:

The radiator .... " .............. a ,.-, be Vy q''_" gl_=_ _ith tho fnllnwin_

properties: _= .12, (= .85 .

In addition it is assumed that the wheels and the soil properties instrument

are at 120 degrees C and that the mast is at 60 degrees C. These represent

conservative estimates of the temperatures which will exist on these components.

Using the above values, the radiator temperature versus dissipation was deter-

mined. The results are shown in Figure IlI. 2-1.

g

III. 2-3
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The conductance per switch used was. 24 watta/C degree (switch closed).

The heat flow across the switch is given by the following equation:

Qd = Kn (THs - TR)

where

THS : temperature at mounting surface of components

T R = temperature of radiator

K = switch conductance

n = number of switches

Using the above equation and Fig. III.2-1,the number of switches for various

values of Qd and THS were determined. The t_esults are shown in Fig. III. 2-2.

Examining Fig. III.2-2 it can be seen that 5 to 6 switches are adequate. The

exact component temperature level will depend upon the internal power dissipa-

tion. The component temperatures shown on Fig. III.2-2 were picked as being

representative of space electronic equipment acceptable operating levels.

Other features of the design approach for thermal control that have been

employed in current design studies for the Surveyor Lunar Roving Vehicle

are evident in the following discussion of compartment design.
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COMPARTMENT STRUCTURE

Requirements

The first and second axle compartments of the Surveyor Lunar Roving Vehicle

carry batteries and the electronic payload. As a consequence the design of these

two compartments requires thorough integration of the thermal and structural

considerations. Thermal requirements are set by the operating temperature

limits of the electronic payloads. Structural requirements are established by

general vehicle mobility criteria, deployment and stowage limitations, and

environmental loads imposed during launch, transit, and landing.

Using the proposed configuration, the compartments would be designed for the

following payload requirements:

Internal Temp. OF

Axle #1 -75 to 170

Axle #2 0 to 125

3
Volume in Weight lbs.

275 11.0

500 17.3

On the basis of the above, a feasible approach to compartment design can be

discussed which will serve as a basis for study.

A preliminary analysis of the middle compartment of the Rover Vehicle has

been carried out. This analysis considered three aspects of the vehicle thermal

control :

1) Radiator temperatures (top surface) as a function of internal power

2) Thermal controller requirements as a function of component

temperature limit and internal power

3) Insulation effectiveness and lunar night power requirements.

Because of the extended duration of the lunar night, careful attention was given

to payload insulation. One hundred layers of aluminized mylar are employed as

insulation. With a layer emissivity of . 1, the effective emissivity (Eft) is

5.32 x 10 -4. In the thermal analysis, this value of emissivity was increased

by a factor of ten to compensate for conduction losses and heat leaks.

III. 2-7
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As discussed previously, the present approach is to supply thispower from a

radioactivepellet. This offersa considerable weight saving over a battery

source. The pelletcould be moved in and out of the compartment by a transfer

switch, supplying power when needed. This approach maintains the minimum

component temperature at +I0°C, thus improving the system reliablIRyby

reducing the stress on the electronic components.

Typical Compartment Structure

Both forward and center compartment structures are similar in construction.

A compartment structure, typicalof the type of construction proposed, is

illustratedin Fig.III.2-3and is described in detailbelow for the center

compartment.

The compartment consists of a recessed rectangular box with a continuous-lip

flangeto which an upper mounting cover panel is attached by screws and thermal

•;_o,,1 ,-,+,-,,,* S_,-4._d_ff_,i. s s ,..__la..LL_. i. ,_..!A _ , v**_.

'..#

x

The box serves both as a structure to provide a load path between the compart-

ment payload and the wheel axle, and as protection against environmental

damage to the internalelectronicpackages. The material used is 2014 aluminum

alloy, Alclad. A ha.t-shapedchannel is spot-welded to the bottom of the box,

which is made of. 020 sheet. Vertical, hat-shaped beams axe spot-welded to

the sides of the compartment and to the lower channel. These side members

also include a thin-wailed cylindricalfittingto which the wheel assembly is

attached. The side members, lower channel, and upper flangeof the compart-

ment comprise an integralbody-axle assembly, and serve as the load path for

transferring the body loads to the wheels.

The upper panel consists of a honeycomb sandwich panel integrallyfabricated

with an outer epoxy-resin fiberglassmounting frame, bonded together in a

thermal vacuum. The honeycomb sandwich panel is fabricatedof two (.030)

2014 aluminum alloy, Alclad face sheets, and a I/8-5052-. 001 P perforated

aluminum alloy lollcore (4.5 Ibs/ft"3 density)3/16-inch thick;six (I/8-inch

wall x 3-inch O. D. ) aluminum alloy short cylindricalspacers are located

Ill.2-8
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STADIA AND ANTENNA VYCOV RADIATING

ASSEMBLY SURFACES (6)

/' _ %_THERMAL SWITCH(6)

HONEYCOMB SUPPORTING __STRUCTURE _ _ RADIATOR

_, I I _ BATTERY AND ELECTRONIC

] _ ].._----"-"--- MODULARS (6)

"_"-"_ ELECTRONIC PAYLOAD

HEATING PELLET TRANSFER SWITCH
COMPARTMENT STRUCTURE

)
Fig. III.2-3. Typical Compartment Construction
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under six thermal switches, providing an additional thermal conduction path

between the lower and upper face sheets. The electronic packages are attached

to the lower surface of the panel. A pure aluminum, heavy-foll gasket is

sandwiched between the lower face sheet of the panel and the electronics box

to provide for more effective thermal conductivity between the box and the

face sheet. Grommet type, thru-bolt, sandwich panel fasteners are used for

attaching the electronics packages to the panel.

Attached to the upper face sheet of the panel are the six thermal switches

mentioned above. Also attached to the upper surface is a thin-walled 2014

aluminum alloy cylinder, welded to the face sheet, for housing the stadia

inflatable structure. Located in the bottom of the compartment is a transfer

switch for housing a radioactive pellet.

A thermal insulation of 100 layers of aluminized mylar, sandwiched with

thin-sheet insulation material, lines the inside of the compartment to serve

as a radiation insulator. To co.duct heat ,.¢-^'-",_..the isotope heat source to the

heat sink and compartments, braided aluminum alloy straps, which penetrate

the mylar insulation, are provided. The entire compartment assembly is

attached to the elastic frame with screws and nut plates.

The compartment associated with the first axle, while of similar construction,

becomes more complex structurally. The attachment of the steering mechanism

and its heat sink and the viewing periscopes present additional thermal and

structural difficulties requiring careful layout. However, the proposed structure

is readily adaptable to overcome these design difficulties.

The compartment design study will be closely integrated with the overall multi-

body analysis in which all vehicle components are coupled together. However,

there will be effort peculiar to the compartment. These efforts can be tabulated

as follows:

III. 2-10
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1) Establish compartment detail thermal design requirements.

2) Review comparative performance and capabilities of various

thermal controllers.

3) Study structural materials used in the compartment to establish

the heat conductance paths.

4) Design a low weight compartment adequate for all loading

conditions.

5) Study structural materials from a thermal standpoint to

establish a basis for compromise between structural and

thermal considerations.

6) Analyze structure to assure that design requirements will

result in a high natural frequency for the compartments and

a high strength-to-weight ratio.

7) Study the effect of the temperature - vacuum environment on

the structural integrity of the compartment.

ANALYTICAL RESULTS

The methods used and representative results obtained in analyzing the thermal

characteristics of Surveyor roving vehicles are described below. Two methods

have been considered for primary thermal study of thf vehicle : transient and

equilibrium analyses. Work performed to date has been of the equilibrium

type. It is intended that transient analysis be performed also at an appropriate

point in the program to investigate design details.

The equilibrium method of analysis used was to subdivide the vehicle con-

figuration into discrete constant temperature elements called "nodes". Each

of the nodes is connected to all other nodes through a conduction matrix and

a grey-body-radiation-view factor matrix. Each node also may receive solar

heat directly or by reflection from other nodes and may have an arbitrary heat

Ill.9.-iI



GM DEFENSE

TR64-26

R[SEARCH LABORATORIES _) GE NI[R AL MOTORS CORPORATION
"4--

Imq

' J

source attached to it. These heat sources represent the various electronic

packages and motors in the vehicle. This method of analysis is valid pro-

vided that the temperature differences between nodes is small. This may be

accomplished by selecting small enough nodes in regions where temperature

gradients are large.

N

.-q

Basic Equations *

Using the above analysis, a digiial machine program was written to find the

equilibrium temperatures of a system of nodes. The equations this program

solves result from the application of the First Law of Thermodynamics to

each node, i.e., the sum of the heat entering a node must equal the sum of

the heat leaving the node. The various heat fluxes entering or leaving a node

are as follows.

1) Solar Heat Flux

2)

3)

4)

QSOL.j = ajqsA.Cos] _'_j + qs

Re-radiation Heat Flux

V' G

QRADj = aA. ] 1 11,

Conductive Heat Flux

s , {111.2-1)
n An , j cos

n=l[\ _n '/ n _n

j (T_ - T4n )] 011.2-2)

QCONj= CNN - t, j(TNN- 1-Tj ) + E [Cn, j(Tn- Tj

Source Heat Flux

(In. 2-3)

QSOR. = Constant
j (III. 2-4)

~

* Symbols used in the equations in the analyses are described on page Ill. 2-39.
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Combining Equations III. 2-1, 2-2, 2-3, and 2-4 according to the First Law gxves

the equilibrium equation for a given node, j.

 N[(l j. ]_= n A n, j cos _najqsAjC°S @" + qs an
} I + CNN_I,j(TNN_I-T j)

n_l Cn,](T n -Tj) + C "R. - aA. r_ -_G (T. 4
] ] =1 o i ] "T4)n ] =0 gn.2-5)

or

Fj(T 1, T 2, ............. TNN_2) = 0
(Ill.2-6)

o_

r

E....

Method of Solution

Since the set of equations (see Eq. III. 2-6)axe non-linear in the variables Tj, an

•L_,:.... _,,,C';.... ,,,,.,.,v_h"_ Of _v_nlution.... must he used. The method chosen was the

Newton-Raphson approximation. This method requires an initial starting

point, which was taken as

T. = Constant
]

Then the following set of linear equations axe solved for the correction ATt,

to be applied to the starting guess;

(In. 2- 7)

NN-2 [
I bF.

_l_ ( 4T n
n=l n

The above method is repeated until

ATjl <e= 0. i

) = - Fj
(m.2-8)

(Ill.2- 9)

(III. 2-10)
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The node index, j, takes on the values 1 < j < NN-2, where NN is the total

number of nodes in the system plus the lunar surface node and outer space

node as two other nodes whose temperatures axe specifiedconstants.

Thermal Models

The technique of Thermal Models is well known and can be applied to any

particular design. The particular models of the SLRV to be discussed are

illustratedin Figs.III.2-4, 2-5 and 2-6. The firsttwo units of the three

unitvehicle have been analyzed for these configurations. The firstunitcon-

tains the TV electronics and the camera, while the second unitcontains the

batteries, receiver, transmitter, and control electronics. For analytically

evaluatingview factors, the wheels are considered to be cylinders rather

than a torus, and each flatbody surface willbe a node. An additionalnode

is used insidethe body to represent the payload. Certain general conclusions

can be drawn from proposed model changes.

a) An increase in radiator area willreduce the payload temperature

or conversely p_rmit an increase inpayload'_eat dissipationfor

the same temperature.

b) An increase in the thermal conductance between the payload

and the radiator willhave a similar effectas in a) above but

much less pronounced.

c) An increase in a or a reduction in ¢ of the radiator willincrease

the payload temperature or reduce the heat dissipated.

Other significantmodel changes usuallyaxe linked strongly with the whole node

system so that specificcalculationsmust be made before any conclusions can

be drawn.

Fig.III.2-4,represents the maximum compartment size consistent with the

vehicle configurationand stowage constraintson the Surveyor spacecraft.

Solar panels in thisconfigurationaxe mounted on the firstand thirdcarriages.
1
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Fig.III.2-4. Thermal Models for Maximum Configuration
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Fig. III._-5 is the thermal model of the current vehicle configuration using solar
J

power. The solar panel in this design is mounted at the rear of the soil properties

instrument as described in Subsections G and D, Power and Vehicle Configurations.

Fig. HI.2-6 is the thermal model of the current vehicle configuration using

power. This design concept mounts the R. T. E. on the third vehicle carriage.

A geometric view factor is defined as the fractionof heat emitted from a black

surface which is interceptedby another black surface, or mathematically

1 _ c°sfilC°S_2
F1,2 = _ r2 dA2dA1

A2A I

0n.2-11)

° .

For some simple geometric shapes, it is possible to obtain a solution to

Eq. III.2-11 in closed form but in general it is impossible to carry out the

integrations. Solutions to many geometric shapes have been published in the

literature. One of the most useful is Reference P*. This reference has been

used to obtain many of the view factors used in this analysis directly or by

Flux Geometry, see also Reference 1. Another analytical method which

simplifies Eq.III. 2-11 by the application of Stoke's Theorem is covered in

Reference 2. This method will be programmed for future use but was not

used in this analysis.

An experimental method of obtaini_g view L_,t,,,_ _ _,_ .o,; v, a ....... '_:""_"

is covered in Reference 3. This method will handle any geometric shape and

is used in future work for those complex surfaces which are not plane figures.

The button method has previously been used to measure the view factors for

thermal models, including those shown in Figures HI. 2-5 and 2-6.

Basic Thermal Data

Certain of the basic data inputs are given in Table 1I on page Jo19 for the maximum

configuration calculations. The three matrices Cn, j, _ s j, and aren, , j
not tabulated because of their size and the fact that they are wholly dependent

* References are listedon page HI.2-41.
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L_ upon the specific design considered. In general, the conductances were taken to

be similar to those of Reference 4 or computed where the specific geometry

and materials were known at this time. The conductance from the payload to the

radiator is varied by a thermal switch as in Reference 4. To determine the

temperature limits of the system the switches are considered in the closed position

(maximum value of conductance) for this analysis except when determining the

required night survival heat source. The dependency of the conduction path to

the lunar surface upon the thermal characteristics of the lunar surface has been

eliminated because, in general, the vehicle is moving and therefore encountering

a fresh surface layer at a constant temperature at all times. For those cases

where the vehicle is stationary, the lunar surface is still considered to be at a

constant temperature. This is not correct in the near vicinity of the vehicle but

the assumption is considered valid until it can be checked by transient conduction

methods at a later date. The grey body view factors were computed from

JR.. ,] x [_', ,] : [Q, ,]
A,J *;j ,_;$

where

,1l,t• 'U:l _,j -_) + (i- ,j)/tj ;
;=_=j

_ Gi,j _ si, jand Qi,j = -Fi, J. cj for To obtain use a.j in place of (j..

The ......... _^_ ,_ ,.^_ r._.,o,. L ,_t R,_f_r,_._5

TABLE III. 2-2. Basic Thermal Data

Surface a (

Lunar .875 .835

Solar Cell .70 .84

Radiator .122 .85

Lunar Surface Temperature as a
function of sun position was taken
from Reference 6.

2
The solar flux of 1. 394 k-w/ m

was taken from JPL EPD-98.

(III. 2-12)

(El. 2-13)
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The SLRV Iresa variable power dissipationrequirement which depends upon

the particular mission requirement. The particulartherma/ly important

missions which were analyzed axe:

• Night hibernation

• Day step mode

• Day hibernation

• Day stallmode

The power dissipated at various nodes for these missions is given in Table l_l. 2-3

below.

Node

No.

16

1

9

i15

4

26

i9

31

36

TABLE III.2-3. Nodal Heat Loads, Watts

Night Day
Hibernation Hibernation

2.7

3.6

Step Mode

2.3to5.8

2.7

1.7

1.7

2.3

2.2to2.6

3.6

1.7

1.7

0

2.7

0.25

A

StallMode

2.3

2.7

24.0

24.0

10.9

2.2
,f

.,}.0

24.0

24.0

Remarks

Payload Unit 1

Day storage of night
survival source

Wheel motor

Wheel motor

Steering motor

Payload Unit 2

Day storage of night
survival source

Wheel motor

Wheel motor

During the day step mode, the power level willvary according to the rate at

which TV pictures are taken and the frequency of use of the transmitter. The

payload figures given above are considered to be the minimum. The effectof

variable payload power is shown on Fig.H1.2-7, !ater in thisdiscussion.

..,#
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Results of Analysis of Maximum Configuration

A preliminary analysis has been made of the two units shown in Fig-.][II.2-4.

The results are discussed below:

PAYLOAD NIGHT TIME HEATING REQUIREMENTS The payloads of units 1

and 2 must be kept warm during the lunar night to permit the use of standard

electronic components and to prevent damage to the batteries. The effect of

heat source strength on payload temperature during the coldest portion c_ the

lunar night, just prior to lunar dawn, is shown on Fig. III.2-7. The temper-

ature limits for the two units differ because unit l has no batteries which

require a minimum temperature of -18°C. As shown, the minimum required

heat sources are 2.7 watts and 3.6 watts for units 1 and 2, respectively.

Since these heat sources would add to the daytime heat load, it is intended to

switch them to an outside surface when the payload reaches operating temper-

ature. Nodal surfaces 1 and 19 were chosen for this purpose. In general, any

increase in body external area will require an increase in these night time

heat sources.

PAYLOAD TEMPERATURE PROFILES. The variation of payload equilibrium

temperature with sun position for various power schedules is shown on Fig. III. 2-8,

(a and b). These profiles are for the case where the thermal switches to the

radiators are closed, giving the minimum temperatures possible. Depending

upon the payload temperature limits imposed, it can be seen that under certain

combinations of power schedule and sun position, there will be certain portions

of the lunar day during which operation of the vehicle is not possible. The periods

during which it is possible to operate the vehicle are called the operating windows;

these are shown in Fig. III.2-@ for hypothetical values for equipment tolerance.

Note that the windows of the two units are different; thus, it is possible to reduce

the radiator area of unit 2 because the window of unit 1 is the controlling factor

for the vehicle. The most desirable design would be one for which the window

was wide open. It may be possible to achieve this if unit 1 uses a radiator for

node 10 rather than a solar panel. The concentration of all solar cells in a

folding array on unit 3 will be discussed below:

I17.2-21
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Fig. III. 2-7. Payload Compartment Temperature Vs. Night Heat

Source Strength (Maximum Configuration) Lunar
Surface Temperature = -185oc
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TRANSLATE 2.27 3.33 .09
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FigjII.2-8a, Unit I. Maximum Configurations.
on Node I. All Thermal Switches Closed.

Night Heat Source
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Fig.Ill.2-8. P_tyload Compartment Temperature vs. Sun Position

III. 2-24



GM OEFENS[ RESEARCH LABORATORIES (_

f

MOTORS COR POIt ATIO N

TR64-26

MAXIMUM CON FIGURATION - UNIT 1

50nC I_.LAXIMUM PAYLOAD TEMPERATURE

ALL THERMAL SWITCHES CLOSED

b.;

-
0 30 -- 0

.J

= 1_o , I , ,1 ,I, 1, 1
0 1 2 3 4 5 6

TIME

PM WINDOW

AM WINDOW

PAYLOAD HEAT SOURCE WATTS

I
10

_,o-,

[._

90

/ _o

z

<
m

_ 3o
o --

r,-

!
o l [

o I

Fig.III.2-9a & b.
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III. 2-26



GM

_K_ ' _' i:, l., --

DI[FEN 6E RESEARCH L A lIOR ATORIEll (_) GENERAL MOTORS CORPORATION

_ 54 *26 _ _ I

_q

r-,

L.,

p,q

L.J

THERMAL OPERATING WINDOWS. The periods during a lunar day during

which itispossible to operate the vehicle without exceeding any of the

temperature limitsimposed by the equipment characteristics are calledthermal

operating windows. During the portion of the lunar day when these temperature

limitsrestrictthe operation ol the vehicle, itwill hibernate, dissipatinga

minimum amount of power. The operating windows for unit1 and 2 are shown

in Fig. III.2-9 as a function of payload power dissipated for assumed values of

equipment tolerance. Note that the windows of the two units are different; thus

it is possible to reduce the radiator area of unit 2. An optimum design will be

arrived at when both operating windows are identical, and the best thermal

design when a completely open window is obtained for all power schedules. It

may be possible to achieve this "best" design if unit 1 does not contain any

solar ceils so that node 10 may be used as a radiator as well as node 3.

Representative estimates of equipment tolerances are given in Table III. 2-4.

,,m.

r _

w

r4

TAB LE Ill.2- 4

Electronic Equipment Tolerances

Unit

Transceiver

Telemetry and Logic

Television Circuits

Vidicon

Battery

Operating

-55° to 100°C

-55°C to 75°C

-55°C to 100°C

25°C to 35°C

-18°C to 50°C

Storage

-70°C to 150°C

-70°C to 125°C

-70°C to 125°C

-I5°C to 60°C

-18°to 50°C

MOTOR RADIATOR TEMPERATURE PROFILES. The wheel motors axe

conductively connected primarily to the external wheel hub radiators, nodes 12, 18,

31, and 36. The temperature profilesfor these nodes are shown in Figs.III.2-10a and b.

The radiator temperature ranges from 77° to 413°K. About a 14 to

28°C rise can be expected from the radiator to the motor itself.

r_

,....

I/I.2-27



GN RESEARCH L,e 'ORATORIEI (_) GENERAl. MOTORt CORPORATION

200 ° --

I _0

o

100 °

50°q
L)

c

_c

[.-, 0

-50Ul
_- r" /_ ALL THERMAL swrrCHES CLOSED

"I00 ° .
ram=

PAYLOAD HEAT AVG. MOTOR EFFECTIVE
O' ACTIVITY

SOURCE - WATTS POWER - WATTS VELOC. - M/SEC

- 150 °

.200 °

.250 °

rl DAY HIBER.

0 TRANSLATE

A TRANSLATE

V TRANSLATE

O STALL

0

2.2/

3.47

5.81

2.2_

0

3.33

4.02

8.36

.n

0

• 09

.13

• 22

0

NOON ! •= , I & l i I _ _ = ! l l I l , SUNSET

280 ° 300 ° 320 ° 340 ° 0° 20 ° 40 ° 60 ° 80 °

SEN ANGLE - DEGREES

Fig.lU.2-10a. Drive Motor Radiator Temperature vs. Sun Angle
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VIDICON TEMPERATURE. The temperature limits on the vidicon tube are very

restrictive and for this reason it was decided that a separate radiator will be

supplied along with an electrical heating and control system. By this means,

the temperature of the vidicon faceplate m_v be controlled separately from that

of the remaining electronics.

Results of. Analysis of Configuration E

To improve the thermal operating windows and reduce the solar panel tempera-

tures, configuration E shown on Fig.III._ was studied. For this configuration

all the solar cells are concentrated in a folding array on unit 3. It is thus

possible to increase materially the radiator area of unit 1. The results of this

analysis are shown on Figs. III. 2-11 through-III. 2-14.

Analysis of Stowed Configuration
j,

At this point in the study the stowed co_figuration has not been analyzed, s o that

data is not available. The general method previously discussed will be used in

determining these temperatures when this point in the study is reached. The

main problems to be resolved in the stowed con/iguration are placement of the

night heating sources and whether these sources will require special radiators

in this configuration. At present these sources are switched out of the payload

to nodes 1 and 19 when the payload temperature comes up to operating

temperatures. This choice of nodes is quite arbitrary and a study of the stowed

configuration may dictate another location. In particular, the bottom surfaces

4 and 23 would be best for the s_owed cordiguratlon.

FUTURE STUDIES

The thermal analysis of the Surveyor Lunar Roving Vehicle will include the

procedure discussed above plus an extensive transient study in local areas -

such as the wheel motors steering motors, solar panels, electronics, etc.

At this point in the study a transient ana/ysis is not practical because the

configuration is not well enough defined. It is expected that local transients will

cause minor design modifications in the final vehicle. Major phases of the

Future Studies are as follows:

A_

+.

.+

,I
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.22

0

F
.iS o I I I I i I

280 ° 300 ° 320 °

SUNRISE

, I I ! l i l I , 1 , I I
340 ° 0° 20 ° 40 ° 60 ° 80 °

NOON SUNSET
SUN ANGLE - DEGREES

Fig.lll.2,-14b.Drive Motor Radiator Temperature vs. Sun Angle
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Thermal studies'to maximize the operating window and/or to

equalize the operatfng windows of each unit of the vehicle

Determination of all material temperature ranges to permit

proper selection and specification of materials

Studies to check the stowed configuration to determine that no

temperature limits are exceeded

Transient analysis of the vehicle to check that none of the

temperature limits are locally exceeded and that an equilibrium

analysis is indeed an adequate method of analysis. A transient

analysis will also permit a close simulation of the vehicle's

mission.

Augmentation of the analytical program by an experimental

program to supply basic data and check the results of the

analytical studies. This will be done by thermal models.
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LIST OF SYMBOLS

Sm__I

a

Cn, j

e

F.

J

Fi, j

NC

_'q 1.I

Q

qs

Qi, j

QSOLj

QRAD l

QSORj

QCON.

r

R. .

1,1

J

Description

Angle between the sun's rays and the lunar surface

Surface area of node j ,i

Thermal conductance from node n to node j

Iteration error limit for the Newton-Raphson

method, 0.1

Sum of the heat fluxes entering or leaving

of leaving node j

Geometric view factor from node i

Grey-body view factor from node i to node j

Solar-reflectance view factor from node i to

node j

Number of nodes connected by conduction

Total number of nodes

Total integrated heat flux received by a solar

panel from the sun

Solar constant, 439 BTU/hr-ft 2

Radiation view factor product matrix

Heat flux received from the sun by node j

Heat flux re-radiated from node j

Heat source located on node j

Heat flux received from all other nodes by

conduction on node j

Distance between two surfaces, A 1 and A 2

Radiation view factor coefficient matrix

Solar absorbtivity of node j

Thermal emissivity of node j

Angle between the normal to surface 1 and the

line of sight between 1 and 2

Units

Degrees

ft 2

BTU/hr-°R

oR

BTU/hr

None

None

None

None

None

BTU

BTU/hr-ft 2

None

BTU/hr

BTU/hr

BTU/hr

BTU/hr

ft

None

None

None

Degrees
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Subscripts

i,j,n

L, NN- 1

NN

Description

Angle between the normal to surface 2 and the
line of sight

Angle between the normal to surface j and the
sun's rays

The Stephen-Boltzman constant, 0. 1713x 10 -8

Node number

Lunar surface

Outer space

MOTORS CORPORATION

Units

Degrees

Degrees

BTU/hr -ft2- (°R) 4

J_

f

_ .r
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2. Compartment Structural and Heat Transfer Considerations

An examination has been made of advantages gained through substitution of

beryllium for 7075 T6 aluminum alloy in the payload compartments. Corn°

partment No. 2 was used as the example. The payload mounting panel was

taken as being a titanium honeycomb core, faced with sheets of. 015-inch

beryllium, in a brazed assembly.

.4

Lowest Mode - Mounting Panel

From the expression for the lowest mode

* \rH)
J

where a, b = panel length and width

7 = payload weight per unit panel volume

H = total panel thickness

D = panel flexural rigidity

a direct comparison is possible between aluminum and beryllium.

This is shown in the table below:

Core density - lb/ft 3

Facing Sheet thickness-inch

Panel depth - inch
Weight- lb
Lowest mode- cps

Aluminum-

,

O. 020
0.218

O. 484
93.

Beryllium

.

0.015

0. 375
0. 342

122.

(m. 2-].4)

In each case the panel dimension was about 12 inches to 16 inches.

Compartment Structure

Some thought has been given to fabrication techniques if a beryllium

structure is chosen. Because of its low ductility, brake-forming of

HI. 2-42
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components would give way to machining and chem-milling. Figures

III.2-15 through 2-17 are sketches of what a beryllium compartment might

look like. Because of its high Young's Modulus a box made from

Be would be about 1/2 the weight of a 7075 T6 box of the same

strength.

A plan view of the box, indicating thoughts in payload arrangement,

is shown on Figure III. 2-18.

Heat Transfer- Mountin_ Panel

C
p'

Expressions have been derived for the variation in specific heat,

_nd thermal conductivity, k, for beryllium These are:

T0. 215
(ILI. 2-15)

Cp 6.40

-0. 00067T (HI. 2-16)k _- 0. 0313e

where T is expressed in degrees F.

Four sheets showing computation of a typical steady-state heat

conduction are attached hereto. In sumrra ry, a brazed Be/Ti panel

exhibits an effective thermal conductivity nearly three times as

great as that of an aluminum hexceii bonded _,.'"

kalum -_ 0. 069 Btu ft-lhr -1 °F-1

KBe/T i _- 0. 180 Btu ft-lhr -1 °F-1

d
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I. Structural Design Analysis

COMPARTMENT STRUCTURE

Requirements

The first and second axle compartments of the Surveyor Lunar Roving Vehicle

carry batteries and the electronic payload. As a consequence the design of these

two compartments requires thorough integration of the thermal and structural

considerations. Thermal requirements are set by the operating temperature

limits of the electronic payloads. Structural requirements are established by

general vehicle mobility criteria, deployment and stowage limitations, and

environmental loads imposed during launch, transit, and landing.

Usingthe proposed configuration, the compartments would be designed for the

follnwing payload requirements:

Internal Temp. OF
3

Volume in. Weight lbs

Axle No. 1 -75 to 170 275 11.0

Axle No. 2 0 to 125 500 17.3

On the basis of the above, a feasible approach to compartment design can be

discussed which will serve as a basis for study.

A preliminary analysis of the middle compartment of the Surveyor Lunar

Roving Vehicle has been carried out. This analysis considered three aspects of

the vehicle thermal control:

1) Radiator temperatures (top surface) as a function of internal power

2) Thermal controller requirements as a function of component

temperature limit and internal power

3) Insulation effectiveness and lunar night power requirements.

. .
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Because of the extended duration of the lunar night, careful attention was given

to payload insulation. One hundred layers of aluminized mylar are employed as

insulation. With a layer emissivity of . 1, the effective emissivity (Eff) is

5.32 x 10 -4. In the thermal analysis, this value of emissivity was increased

by a factor of ten to compensate for conduction losses ,'md heat leaks.

The present approach is to supply this power from a

radioactive pellet. This offers a considerable weight saving over a battery

source. The pellet could be moved in and out of the compartment by a transfer

switch, supplying power when needed. This approach maintains the minimum

component temperature at .10°C, thus improving the system reliability by

reducing the stress on the electronic components.

Typical Compartment Structure

J

Both forward and center compartment structures are similar in construction.

A compartment structure, typical of the type of construction proposed, is

illustrated in Figs:III.2-19 & 2-20and is described in detail oeiow /or the center

compartment.

The compartment consists of a recessed rectangular box with a continuous-lip

flange to which an upper mounting cover panel is attached by screws and thermal

insulator stand-offs.

The box serves both as a structure to provide a load path between the compart-

ment payload and the wheel axle, mid as protection against environmental

damage to the internal electronic packages. The material used is 2014 aluminum

alloy, Alclad. A hat-shaped channel is spot-welded to the bottom of the box,

which is made of . 020 sheet. Vertical, hat-shaped beams are spot-welded to

the sides of the compartment and to the lower channel. These side members

also include a thin-walled cylindrical fitting to which the wheel assembly is

attached. The side members, lower channel, and upper flange of the compart-

ment comprise an integral body-axle assembly, and serve as the load path

for transferring the body loads to the wheels.
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STADIA AND ANTENNA

ASSEMBLY -I-

HONEYCOMB SUPPORTING

STRUCTURE

VYCOV RADIATING

URFACES (6)

_ T_E_L SWITCH(8)

HEAT CONDUCTING CABLE

ALUMINIZED MYLAR

INSULATION

HEATING PELLET TRANSFER SWITCH

[ COMPARTMENT STRUCTURE I

Fig.III. 2-19. Typical Compartment Structure
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Fig. III.2-20, Compartment No. 2_Details
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The upper panel consists of a honeycomb sandwich panel integrallyfabricated

with an outer epoxy-resin fiberglass mounting frame, bonded together in a

thermal vacuum. The honeycomb sandwich panel is fabricated of two (.030)

2014 aluminum alloy, Alclad face sheets, and a I/8-5052-. 001 P perforated

aluminum alloyfoilcore (4.5 Ibs/ft"3 density)3/16-inch thick;six (1/8-inch

wall x 3-inch O. D. ) aluminum alloyshort cylindricalspacers are located

under six thermal switches, providing an additionalthermal conduction path

between the lower and upper face sheets. The electronic packages are attached

to,thelower surface of the panel. A pure aluminum, heavy-foil gasket is

sandwiched between the lower face sheet of the panel and the electronics box

to provide for more effectivethermal conductivitybetween the box and the

face sheet. Grommet-type, thru-bolt, sandwich panel fasteners axe used for

attaching the electronics packages to the panel.

Attached to the upper face sheet of the panel are the six thermal switches

mentioned above. Also attached to *he ,,ppersurface is a thin-walled 2014

aluminum alloy cylinder, welded to the face sheet, for housing the stadia

inflatablestructure. Loca(ed in the bottom of the compartment is a transfer

switch for housing a radioactivepellet.

A thermal insulation of 100 layers of aluminized myla_ sandwiched with

thin-sheet insulation material, lines the inside of the compartment to serve

as a radiation insulator. To conduct heat from the isotope heat source to the

heat sink and compartments, braided a_ummum........... _luy _-.p_, ,_,,,_.,, penetrate

the mylar insulation, are provided. The entire compartment assembly is

attached to the elastic frame with screws and nut plates.

The compartment associated with the first axle, while of similar construction,

becomes more complex structurally. The attachment of the steering mechanism

and its heat sink and the viewing periscopes present additional thermal and

structural difficulties requiring careful layout. However, the proposed structure

is readily adaptable to overcome these design difficulties.

I_. 2-62
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The compartment design study will be closely integrated with the overall multi-

body analysis in which all vehicle components are coupled together. However,

there will be effort peculiar to the compartment. These efforts can be tabulated

as follows:

1) Establish compartment detail thermal design requirements.

2) Review comparative performance and capabilities of various thermal

controllers.

3) Study structural materials used in the compartment to establish the

heat conductance paths.

4) Design a low-weight compartment adequate for all loading conditions.

5) Study structural materials from a thermal standpoint to establish a

basis for compromise between structural and thermal considerations.

6) Analyze structure to assure that design requirements will result in a

high natural frequency for the compartments and a high strength-to-

weight ratio.

7) Study the effect of ,L^,_ temperature:vacuum environmont........ on the structural

integrity of the compartment.

SLRV STRUCTURAL ANALYSIS

The following discussion contains the preliminary calculations used for sizing

of the integral compartment-a.xle and the elastic frame structures.

The upper mounting panel, to which the electronics thermal switches and stadia

payloads are attached, is assumed to be a uniformly loa_ed panel, simply

supported at its edges. This assumption is not wholly accurate, however, but

for purposes of first-cut sizing it is a reasonable one. The load factor used

in this analysis (_ 35g) is obtained from Reference (1)* In the stowed position,

the Surveyor Lunar Roving Vehicle (SLRV) is inclined at an angle of 20 degrees

from the vertical; however, for this analysis the + 35g load factor is assumed

*References are listed on page III. 2-66
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to be acting coincident with the wheel axle centerline. The equations used for

designing the honeycomb sandwich panel are obtained from Reference (2) and

(3). These calculations are presented on pages III. 2-67 through III. 2-70.

Natural frequency (first mode) estimates were calculated taking two different

approaches, hereinafter referred to as methods 1 and 2. Method 1 assumes the

panel to be a uniformly loaded and simply supported honeycomb sandwich panel,

where the fiberglass edge frame is not considered. The equation used to calcu-

late the natural frequency is taken from Reference (5). These calculations are

present on pages III.2-71 & 2-72. Method 2 assumes the plate to be made up of

a series of beams attached to each other where the maximum deflection of the

panel is taken as 1/2 that of a beam of unit width. This is a close approximation

for the deflection of a plate. This method of solution permits consideration of

the fiberglass outer frame in computing the deflection, as shown by the calcula-

tion on pages HI, 2-73 & 2-74. (The equation used for estimating the first mode

natural frequency by this method is that described in Reference (6).)

The plate loading is based on a preliminary weight estimate of 1820 pounds (one

"g" load) for the upper plate assembly, uniformily distributed over the entire

area of the plate. This weigh, includes all electronics, thermal switches, stadia

structure, etc. (which attach to the mounting plate), along with the weight of

the plate.

The compartment axle structure is analyzed in a conventional manner where

the side members beam the axial axle loading in to the upper lip flange and

the lower hat-shaped compartment reinforcement member. The allowable

member crippling and bending stresses are obtained from crippling stress

versus b/t ratio test data curves for 2014 aluminum alloy formed sheet-metal

stiffeners. The portion of the axle loading beamed to the upper lip flange of

the compartment is assumed to be reacted into the upper mounting panel by

the nearest pair of attach screws bracketing the upper member (screws spaced

approximately four inches on center) where the lip flange serves as a partially

fixed-ended beam to transfer the member loading to the screws as shown in

the analysis on pages III. 2-75 through III. 2-77.
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Tile elastic frame .analysis is sized, based on the stowage and lunar roving

rcquircmcnts. The stowage requirements design the frame in bending using

d2y ) = M] , where (_) is the recip-the fundamental equation [EI (_ d2 y

rocal of the frame bend radius. The lunar roving requirements, presented in

subsection D, "Vehicle System" of this proposal design the frame in torsion

and bending. For this analysis the frame is assumed to be two flat-strip springs

with the equations for torsion of a flat spring taken from Reference (7). The

elastic frame structural analysis is presented on pages III. 2-78 through III. 2-84.

The natural frequencies (first mode) obtained from methods 1 and 2 were 46 and

41 cps, respectively. In neither of the cases was the additional stiffness pro-

vided by the attachment of the electronics boxes which would probably be fabri-

cated of deep-drawn cans of aluminum alloy sheet metal with a minimum of four

attachments per box (one at each corner), to the mounting panel, or the

additional, though small, stiffness offered by the sandwich core material

considered. Both methods of calculating the natural frequency of the mounting

plate appear to be in good agreement with each other, with the latter method

indicating a slight reduction in value due to the consideration of the fiberglass

mounting frame which was neglected in method 1. These results however are

only preliminary estimates of the natural frequency of the mounting plate.

During the continuing study, a multibody type of analysis in which all of the

compartment components are coupled together will be conducted, along with

verification of the calculations by model testing in order that the compartment

package can be appropriately designed thermally and structurally for an excellent

strength-to-weight ratio,with a natural frequency of sufficient magnitude to re-

duce the transmissibility between the SLRV payload ,'rod the Surveyor spacecraft.

The use of materials such as beryllium and titanium should be investigated and

employed in improving the structure, wherever feasible to do so.
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Date

Page , of
i

Prepared by:

Bending Test

RHL

Load

, (lbs)

0

Center

Deflection

(inches) •

lib

5 .088

zo I 1.80

15

20

0

5

10

Approved by and Date:

2.80
,n

3.60

15

20

25

30

35

0

0

0.87

1.82

2.77

End

Deflection

Front

(deg)

3/4

End
t =. 165

Deflection

Rear b=l. 25

, (deg)

3/4

4 4
i ,

7-3/4 7-3/4

11-1/2

14-3/4

4

7-3/4

11-1/2

14-3/4

11-1/2

14-3/4

4+

_

11-1/2

3.61 14-3/4

4.40 18 [ 18

5. 10 20-3/4 20-3/4.

5.77 23-1/2 23-1/2

0 1- 1
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Page of

Prepared by: Approved by and Date:

Torque Test

Load

(lbs)

Torque

(in-Ibs)

(ii" lever)

Angle

(degrees)

5 55 5

lO llO 9-1/2

15 165 14-1/2

20 220 18-1/2

0 0 0

5 55 5+

10 110 10

15 165 14-1/2

20 220 18-1/2

25 275 22-I/2

30 330 26

0 0 0

t = . 165

b = 1.25
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TR64-26

1. SLRV Weight Estimate (RTE Power)

(Revised 15 Dec 63)

VEHICLE SYSTEM
A. Element #1

1. Wheel Assembly

2. Steering Assembly
3. Structural Frame

4. Thermal Compartment

B. Element #2

1. Wheel Assembly
2. Structural Frame

3. Thermal Coml_trtment

C. Element #3

1. Wheel Assembly

2. Steering Assembly
3. Structural Frame

4. Axle and Attachments

5. Bumper

II SURVEY INSTRUMENTATION

A. Television

1. Electronics

2. Optics

B. Soil Bearing Strength
C. C1Lnometer

n'I SUPPORTING SUBSYSTEM-ELECTRONICS

A. Communications

1. Vehicle Based T-R etc.

2. Surveyor Based (Incl. Ant. )
B. Command and Control (Vehicle)

C. Telemetry

JJ. I_,_U LLI tl_

IV SUPPORTING SUBSYSTEM- POWER

A. RTE (incl.HSG &radiators)

B. Batteries
C. Electronics

SUPPORTING SU BSYS TEM- ME CHANISI_LS

A. Fenders

B. Antenna Stadia Masts (Vehicle)

C. Deployment Systems

TOTALS

VI SURVEYOR T.V.

* Included in COmmunications

LABORATORIES (_ GFNER At. MOTORS CORPORATION

J

Direct Line E-V
kAlloc- Last ,Latest Dev.

ation Est.

22.7

13.5

5.5

8.01
8.8
1.21

29.21

19.01

19.0i

5.2

2.5

_. tD

9.0

5.0

2.0

8.__!I
0.91

* I

8.0

110.0

n t

Indirect Line E-S-V _
Alloc- Last !Latest Dev.

ation Est. Est.

22.7

5.5

8.
1.2

21.5

5.0

5.0

5.2

2.5

2.5

16.0
9.0

5.0

2.0

8.9
0.9

8.0

101.9
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2. Stowed Condition Center of Gravity

As noted in the Monthly Progress Report No. 2 for the SLRV Phase I

Program, the stowed SLRV c. g. estimate exceeded the allowable c. g.

limits by -1.8, -3.9, and 4.0 inches with respect to the x, y, and z

reference axes. As a result of this estimate, a study was initiated to

investigate methods to relocate the SLRV stowed condition c.g. within

specified limits.

These methods included:

ao

be

cQ

d.

e,

Increasing weight of associated equipment mounted in

Compartment B.

Moving stowed vehicle toward center of spacecraft by

allowing local protrusions into specified interference

envelope.

Moving stowed vehicle toward center of spacecraft by

eliminating interference areas by means of cutting off

compartment corners, etc.

Redesigning vehicle to allow the use of another stovv,,ge

technique. Possible redesign areas are reduction in wheel

cross sectional diameter, reduction in vehicle tread,

reduction in vehicle wheel base, etc., or combinations

of these.

Use present configuration but shift weight from compart-

ment #2 to #3 (or possibly #1).

All caicuiations were based on a tc_ai system weight of i00 pounds.

Stowage Configurations

Configurations A through K

tion as shown in Fig: III. 2-21.

concern a basic vehicle stowage configura-

In this method, the vehicle is folded into a

triangular shape with the wheels deflected to fit the specified space

envelope.

lII.2-i19
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Table Ill. 2-5 lists the pertinent data for configurations A through K and has

accompanying Fig. I12.2-22, IlI. 2-23 which show the location, o_ the c. g.

with respect of the specified limits and changes associated with shifting

the vehicle. It should be noted that Fig. III. 2-22 shows only the gross

changes associated with shifting the space envelope in y-z plane. The

minor changes associated with shifting the c. g. in the x-y plane are not shown.

Configuration L considers a vehicle stowage and deployment change from

the previous configurations A through K Fig. III. 2-24 shows the revised

stowage scheme. In addition, the overall width of the vehicle has been

reduced from 36 inches to 30 inches in order to adapt the configuration to

the space envelope. The resultant c.g. fails within the allowable limits on

the X-X and Z-Z axes, but is outboard of the Y-Y limit by 1.3 inches.

See data table for Configuration L.

Further modifications were made to provide a cordiguration M. This

configuration has identical stowage to configuration L but the payload c. g. 's

are adjusted to more favorable positioz_s and take into account an extended

television mast. The new c.g. remains within the Z-Z axis limit by

0.01 inches. As the adjustments made were moderate, further trim can

put the c.g. within the allowable limits. See data tables for Configuration M.
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NOTES FOR TABLE III. 2-5 .... _.

This configuration is the conventional vehicle with electronics and

structures distributed in a logical manner compatible with mission

requirement as shown in table.

Note Z: In order to shift the vehicle c.g. within the limits, the vehicle has

been moved as shown in Fig. III. Z-gg. The resultant c.g. shifts are

shown in Fig. III.Z-Z3. Rear axle bumper and front compartment inter-

ference is encountered at the Surveyor interference envelope.

Note 3:

Note 4:

This configuration has a vehicle position of configuration A, but

also has aweight redistribution of I0,4 ibs. from axle g to axle I.

Refer to Fig. III. 2-23 for c.g. locations.

Configuration D has a vehicle position as shown in "B" and has a

weight redistribution of 10.4 lbs from axle Z to axle 1. Refer to

Fig. ILl. 2-23 for c.g. iocations. Interferences are the same as

Note _

Note 5: This configuration has a vehicle position as noted in configuration A

with 5.7 lbs. shifted from Surveyor compartment A to B.

Note 6: This configuration na=_-_a vehi _'_._ p,_r_on_..... as noted in configuraticn B

with 5.7 Ibs. shifted from Surveyor compartment to B. Inter-

ferences are as in note 2.

Note 7:

Note 8:

This configuration has a vehicle position as noted in configuration

A with 27.7 lbs. concentrated at Surveyor compartment

This configuration has a vehicle position as noted in configuration A

with I0.9 ibs. concentrated at Surveyor compartment B.

1'_' i ' i_"""__-_'-"r

A
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Note 9: This configuration has a vehicle position as noted in configuration A

with compartments interchanged as follows:

a) axle 1 shifted to previous axle 3 position

b) axle 3 shifted to previous axle 2 pusltion

c) axle Z shifted to previous axle I position

Note i0: This con£iguraticn is identical to _ote 9 except vehicle position is as

noted in configuration IB. Interferences occur as in note "g".

Q

111.Z- 124



GM DEFENSE RESEARCH L A

L

/

\/\\

,,.,,..,

¢)

0

n_
o

,"-4

>

d

d

!
1%1

0_,,_

III. g- IZ5



GM DI[ FENS£ RESEARCH LA mORATORI[S

TP,64-26

i

MOTORS CORPORATION

I

O, 4,

b_

0

<

os=4

0

0

@

u
0

0
I

c',,]
!

N

I,.=,1

f_

| , .

0

III. 2- 126



_.°.

f...

r'-"

r--

GM DEFENSE R ESEARCH LABORATORIES _ G I:_Ml[$t l L_ Ik MOTORS C OR POR_'_I_'_

I/

\

i

I

I
i

III. 2- 127

_ "N,,_-



. -;_.. _ x _" _,,'_s_ -_'t , ._

i._ i-_ _. - (
G M DEFENSE RESEARCH LABORATORIES _ GENERAL MOT'ORS CORPORATION

1-, , ,,, , , _ _ ? o

|

-J _ , ,+, _ _-

llI.Z- IZ8

_G:{ _:.r_T

_ Jk)
-- (3 (Z' J

Q,,__" 0

.b-

_j

'2

u r,2

ZI
I.u ,.5

',K"

k. u
0

C)

.J
.J

.<

_a

.)
(J

v)

I

S

c_



.r-"

Iii. 2- 129



RESEARCH MOTORS

_.s'r_MA'r 5 _ St-_V C _'..¢

T_A_ st-,',,'rlta6....Cot,,,z_t_o_

CORPORATION

H._o,_l''_V,A_j_"v-_o_"_Ik';__"
_ ___. _o'r :_I

F" L E MENT_2..,

I=LEM _N T_:_

7o7. VE',-I I CL5

_,ARM "

_8 i o. o

1 5 I.G 3_.75

2.4.7 64.O

/.D 56.o
.. ± ,,

$6.5 33._t;

E 8S.o I 6. o

946._ I o._"

15_30.8 I 2.2
r I I

_,._ (_.,_
7__._ 1.8 I _._'5

_6o._ o

321.._ _-I.0

.3oi. 3 o

8,_ o
.__. ,,,, ,.

Io'=/I. 9 0.3¢5

y
- p

I
"10

Io
•t" .31 .S

0

0

31.5

II'T.Z- 130



GM DEFENSE RISEARCH LAIORATORIES _ GENERAL MOTORS COeeOmATION

TR64-26' "'"

D. SOLAR PANEL INVESTIGATION

INTRODUCTION

The solar panel investigation was performed to determi,m a means to increase

the effective area of the SLRV solar array, so that the vehicle operation time

could be maximized during one lunar day. The operatioz_ time can be maximized

by providing sufficient effective areas during vehicle operation and charging

modes that the follo_'ing conditions are met:

(1) The solar array has the capability of coatim_ous charging during

vehicle operation. This provides for increases in power-source

efficiency, as partial power can be transferred directly to the load,

thus eliminating the conversion losses in the battery system.

(2) A minimum number of "parking" charge cycles is required.

(3) A decrease in the minimum time per "parking" charge cycle is

achieved.

REQUIREMENTS

The proliminary requirement for accomplishing (1} above has been set at a

minimum average of 1.5 square feet of effective solar array area. The pre-

liminary requirement for the "parking" mode has been set at a minimum

average effective area of 4.0 square feet.

CONFIG URATIONS

Fig. III. 2-25 shows four configurations studied in an effort to achieve the require-

ments. Included in this appendix is the analysis performed on a configuration

similar to configuration D. Configuration D varies slightly from the analysis

configuration in an attempt to eliminate shadowing from the SMI; however, the

results are not changed appreciably.

III. 2-131
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CONCLUSIONS

Configuration D approaches an optimum in projected area. This configuration

provides 3.0 square feet average at sun angles from 16 ° to 66 ° over the range

of headings, and also provides 4.3 square feet average at 0° heading over the

same sun angles.

In addition, an envelope diagram (see Fig. ILl.2-26 has been generated which

depicts the preliminary allowable envelope for a solar array of the type shown

in Fig. III.2.25, D, without affecting the mobility characteristics of the vehicle.

DISC USSION

This investigation was a first-approximation eifort to obtain a feel for what

can be achieved with various configurations. The ability to utilize the projected

area for generation of power (effective area) was not considered; this of course,

is a significant factor. This aspect of the investigation was undertaken by RCA.

The results of theGM DRL investigation arc s....mar,zed in Fig. IH.2-27 and III.2-28

Fig. III. 2-27 shows the solar array projectcd areas as a function of vehicle azimuth

heading for 0, 15, 30, 45, 60, and 90-degree sun an_es.

4

Fig. HI. 2-28 shows the average projected area as a function of the range of sun

angles for 0° azimuth heading and the average of all azimuth headings.

Nomograms 1 through 12 were used to calculate the solar array projected area.

These nomograms are essentially a plane projection of a hemisphere with

appropriate coordinates. At the center of the hemisphere, a plane at a given

an_e has its normal projected on the spherical surface. Extending radially from

this point are the multiplying factors for any view of the plane other than normal.

Accuracy in the use of the nomograms varies from better than 5% near the normal

point or maximum value to very poor at the extreme angles. However, it is felt

that overall accuracy would tend to be fairly good, thus permitting a simple,

direct technique for reviewing a variety of configurations. Calculations perfor-

med on the configuration as shown in Fig.III. 2-27 are presented in Table HI. 2-6.
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APPENDIXIII "m+,+-++.+, :::
MECHANISMS

A. WHEEL DRIVES - GENERAL

1. Wheel Drives

APPROACH TO DESIGN

In order to obtain high mobility from the six-wheeled vehicle proposed, it is

very desirable to drive each wheel with its own individual mechanical power

source. Since the wheel motion is inherently rotary it is logical to utilize a

source of rotary mechanical power to drive the wheels. Many types of rotary

mechanical power sources are available; they include reciprocating and turbine

internal and external combustion engines; pneumatic and hydraulic motors; and

electric motors of various types. Internal and external combustion machines

would obviously not be suited to this application. Pneumatic and hydraulic motors

have some attractions and were considered, but reliability, weight, and efficiency

problems associated with having to convert electrical energy into pneumatic or

hydra,alic energy and pipe it to each wheel made them unattractive. This leaves

a-c and d-c motors to be considered.

Since the vehicle prime power source is direct current rather than alternating

current it would seem desirable to use direct current motors to power the

wheels. However, it is well known that brush-commutator operation in high

vacuum presents serious problems. When water vapor is outgassed from carbon

brushes they become abrasive and severe arcing and short life result. New

brush compounds, special brush coatings, new commutator alloys, etc., have

been tried in an effort to alleviate this problem but it is felt that reliable, long

1Lfe operation of brush-type motors at the present time or in the near future

requires pressurization to levels considerably above lunar pressure. While

"brushless" d-c motors exist, most of them are simply a-c motors with a built-

in d-c to a-c electronic converter. Othe_types of "brushless" d-c motors have

been built, but a fairly thorough market survey revealed that none was available

in the size and characteristics needed for the wheel drives.

Generally speaking, a-c motors are larger and heavier than permanent-magnet

type d-c motors. In addition, electronics to convert the d*c battery power to

a-¢ would have to be provided. In order to obtain the type of torque-speed curve

III. 3-1
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desired, an inefficient servo-type motor would have to be used. In summary,

initial investigations reveal that d-c motors are more desirable than a-c motors

for this application. Investigation will continue, however, and should studies

show that a-c motors are more appropriate, they will be used.

The tentative decision to use d-c motors to drive the wheels requires that another

decision must be made as to what type to use and how to pressurize the brushes

and commutator for reliable operation at lunar pressure. Several types of brush

type d-c motors exist. The wheel torque-speed curve desired can be supplied

by a shunt-wound motor or its equivalent, a permanent-magnet field type. The

permanent-magnet type is lighter, smaller and more efficient than the wound

field type.

Three types of permanent-magnet field motors exist: 1) the power variety char-

acterized by few commutator segments, straight armature poles, relatively

high speed and low torque; 2) the servo type, similar to the power type but with

3) the torque type with a large _umber of commutator segme_ts, skewed arma-

ture poles, lower speed and higher torque.

Three motors, each representative of the type previously me_tioned, were

investigated in terms of general characteristics as illustrated in Table III. 3-1. Motor

characteristics were tabulated for each motor at 1/4, 1/2 and 3/4 stall torque

as well as the peak efficiency point. Parameters tabulated included developed

torque, input and output power, efficiency, weight/unit input power (_peak

efficiency), and weight/unit output power ((gmaximum power output).

In general, for the SLRV application, the motors manufactured by Inland Motor

Corporation of Virginia (representative of the torque type motor) appeared to

• have greater advantages than the other two considered.

As discussed previously, it is necessary to pressurize the brushes and commu-

tator of a brush-type d-c motor to obtain reliable operation on the lunar surface.

III. 3-2
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Also, to obtain the high efficiencies resulting from the use of fluid as opposed to

dry-type lubricants, it is desirable to pressurize not only the motor brushes

and commutator but the motor bearings and all associated gears and bearings.

Three pressurization methods were given preliminary consideration and will be

given further study. The three methods are:

le Seal the system as well as possible by limiting leaks thru beaxing-

shaft clearances or ball beaxtng seal clearances and maintaining

internal pressure by means of ;t subliming solid or evaporating

Liquid. A material must be chosen with a vapor pressure high enough

to provide reliable motor operation and low enough to maintain pressure

by incorporating a limited amount of material for the desired operating

period.

J

Q A capillary film-type fluid seal suggested by RCA, Hughes and others.

Here. tile seaied voiunie is niaintaincd ai _, p, _u_ _ u[ appi-oxln-,ately

30 millimeters of mercury by sealing it witt_ a circumferential oil

film between tile inner and outer ball bearing ri ngs. The oil film is

replenished from a sintered plastic reservoir through a number of

radial capillary tubes leading to the sealed surfaces. The oil film

evaporates down to its vapor pressure i,_to a space bet@een the oil

film and the lunar atmosphere. From here it leaks very slowly out to

the lunar atmosphere through a long-path-length gap between the fixed

aP_ *,"_"_''v_.,..,,_.... ...,_.*.,.,_.._h_"_. ......_-Althe'_,,gh., thi_...._ .............l_k_go v_n i_ quit_ widelv spaced
r _- - v

(up to . 100 inch), the "impedance" is very high due to the low vapor

pressure of the oil and the resultant leakage rate is very low.

3. A bellows sealed rotary coupling whicil provides a true hermetic seal.

While all three methods will continue to be studied, it is felt that of the three,

the bellows-type coupling will provide the most reliable operation. GM DRL

studies and vendor evaluations of Kearfott, Div. General Precision, Inc.,

Itoffman Electronics Corp. and Mechmetals Corp. Subsidary of Mechmetals-

III. 3-4
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Tronics, Inc. have indicated that the state-of-the-art of this field has advanced

considerably in the last few years and that this approach is a sound one. Pro-

cesses have been developed which result in bellows of high mechanical strength

and high quality; one such process is a chemical deposition which yields an

extremely high quality bellows of almost unlimited shape variation and an ulti-

mate strength of 240,000 psi. Such a bellows coupled with good mechanical

design, to reduce bellows stress to a low level, will result in a true hermetically

sealed mechanical rotary coupling of high reliability and long life. Couplings

similar in design were used in the GM DRL Surveyor Soil Mechanics Instrument

Program and are being proposed for use in other applications on the Surveyor

Lunar Roving Vehicle, including the DIBSI deployment system.

The simplest way to drive the wheel from a d-c permanent magnet field motor

would be to use a motor whose speed-torque characteristics were identical to

those desired -_att_hewheel Attempts to obtain such a motor will be made but, to

date, motors with these characteristics are too large, too heavy and are ineffi-

cient. * In lieu of this, a motor can be coupled to the wheel through a speed

reducer of some type. _!_..reetypes wi_! be considered: spur gear, planetary and

"hunting tooth" gearboxes such as harmonic drives, Ferguson Paradox, etc.

Preliminary studies indicate that the planetary gearbox is the most attractive

from the standpoint of reliability, weight, and volume. In addition, the plane-

tary gearbox provides a convenient means of uncoupling the drive from the

wheel when desired.

Preliminary calculations show the additional weight due to the un-clutching

re-clutching feature is only .16 pounds per wheel or less than I pound for the

entire vehicle.

Although several revolution counting techniques were considered,among these

the simplest, most reliable technique appeared to be closing a hermetically

sealed magnetic reed switch with a small permanent magnet rotating with the

wheel.

*The method used in determining d-c motor characteristics for the SLRV wheel

requirements is described in some detail a few pages later under the heading
"Method of Determining d-c Motor Characteristics . etc. "

IXI. 3-5
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PREFERRED DESIGN

A preferred wheel drive design is depicted in Fig. III.3-1 A small permanent

magnet-fiekt, brush type d-c, torque motor drives the wheel hub through a 400-

to-1 planetary gearbox coupled to a bellows-sealed crank mechanism. The crank

mechanism allows the entire assembly, except the two low speed wheel bearings

and one crank bearing, to be hermetically sealed and to operate in an environ-

ment known to be suitable for the motor brush-commutator assembly. The

coupling torque is not transmitted through the bellows itself in this design. The

frictional torque of only one small diameter ball bearing is actually transmitted

through the bellows.

A solenoid-operated slider enables the planetar_ gearbox output ring gear to be

disconnected from the housing, thereby effecting free wheeling upon electrical

command. Over-center springs retain the slider in either position so that no

power is required to hold the drive in either the clutched or unclutched position.

the assembly.

_e d-c motor characteristics for each of the three motors, CPPC, Globe, and

Inland, were calculated for the specific application in the wheel drive assembly•

Calculated characteristics included the gearbox ratio, operation and stall

torques, no-load and operation speeds, operation and stall input powers, and the

overall system efficiency. (Refer to Table III. 3-2 for details.)

(

For the specific application the torque-type motor was again superior to the

other two types with the overall system efficiency 46 percent better than the

power-type motor and 60 percent better than the servo-type motor. The effi-

ciency plus the low motor speed and low gearbox ratio(which increase reliability)

make this motor favorable for use in the wheel drive assembly.

Contaminants will be kept from entering the three bearings operating in the

lunar atmosphere by sealing the inside wheel bearing with a single labyrinth or

rubbing type seal. The remaining two bearings, sealed in the space between the

III. 3-6
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BELLOWS

CLUTCH SLIDER WITH OVERCENTER SPRINGS

CLUTCH SOLENOIDS

TORQUE MOTOR

HERMETIC SEAL HEADER

WHEEL HUB

AX_ SIDE

\
RFI FILTER

PLANETARY GEARBOX

SEALED MAGNETIC REED SWITCH

ROTATING MAGNET

Fig. III. 3-1. Wheel Drive Configuration, Preferred Design

III. 3- 7
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hermetic rotary coupling and the inner wheel bearing, do not require individual

seals. They will be lubricated with dry lubricant impregnated plastic separators

such as the "Bartemp" type or with a dry film lubricant such as "Micro Seal. "

The proposed wheel design is an improvement of a design which was run suc-

cessfully for many hours on all six wheels of the radio controlled pre-prototype

GM DRL Lunar Roving Vehicle. A photo of a disassembled wheel from this

vehicle appears in Fig.III. 3-2. The design of this wheel drive is very similar

to that proposed. A D. C. permanent-magnet field motor drives the wheel through

a planetary gearbox and bellows-sealed angle-crank mechanism.

ALTERNATE DESIGNS

Alternate designs suggested by possible subcontractors are illustrated in Fig-

ures III. 3-3 and III. 3-4.

The design of Fig. III. 3-4 features asingle-whcelsupport bearing, utilizing

an oil-film hermetic seal and a drive motor attached to and rotating with the

wheel hub. This type of oil-film hermetic seal, discussed in detail previously,

is presently under evaluation for possible use in a spacecraft radar antenna

drive mechanism and shows great promise. Thermal conduction from the wheel

hub to the wheel mount or axle is quite poor since the path includes the wheel

bearing or bearings. Thermal studies will determine whether it is more desir-

able to connect the motor thermally to the wheel hub (and radiate Irom the hub

cap) or to the axle. Since the motor rotates with the wheel, power i_ brought

to it through slip rings. For simplification, no clutch mechanism, revolution

counter, of RFI filter are shown- ample space is available, however, for these

devices.

The wheel drive in Fig.IH 3-3 incorporates a bellows-sealed drive similar to

the preferred design. A planetary type "hunting tooth" gear reduction system

provides a large gear reduction in what is essentially a single gear pass.

III. 3-9
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METHOD OF DETERMINING D-C MOTOR CHARACTERISTICS FOR SURVEYOR

LUNAR ROVING VEHICLE WHEEL REQUIREMENTS

A method will be derived herein for determining the required d-c motor charac-

teristics to meet the operating wheel requirements of the Surveyor Lunar Roving

Vehicle.

Assumptions

In determining the d-c motor characteristics, the following assumptions have

been made:

a) The d-c motor speed-torque and current-torque characteristics are

straight line relationships and proportional according to

y-- mx+b

b) The motor speed-torque curve is proportional to the applied voltage

and thus describes a family of parallellinesfor various applied

voltages.

c) 'The stall current of the motor is a function of the brush resistance

and the ..................... t/o E = IR.

d) The no-load current is a function of the losses in the motor - windage,

brush contact, and mechanical losses.

e) The no-load speed of the motor is described as the speed at which

the back emf generated is equal to the applied voltage; thus, the

AAILVt.kJA %,.4[l.AIk (_._,.'vW;;_;;,Iktml, t.%,; lI_,_,,_' • 4" _.

f) The stall torque is a function of the stall current, the permanent-

magnet field strength, and a d-c motor constant (different for each

motor) according to:

T = Kt_I s.

Direct Wheel Drive

The requirements for a directd-c motor wheel drive are dictatedby the opera-

tion requirements for the Surveyor Lunar Roving Vehicle. Torque requirements

J

t i_ _ ..... _ ....
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for the successful operation of a single vehicle wheel have been specified at 96

oz-in, at l0 RPM at the wheel and 960 oz-in, at stall. The d-c motor speed-

torque characteristics for a direct drive motor can then be illustrated below:

1( Curve for some nominal voltage

i"
96 Torque (oz-in.) 6 '

Using the above requirements, the characteristic equation for the required

motor takes the form of

S =KT+S
m o

where S = motor speed
m

0

T = developed motor torque @ wheel

K = slope of the speed-torque curve

Substituting for the numerical requirements yields

S (RPM) = 11.6- 1.16 x 10 "2 (oz-in.)
m

Gear Reduction

However, if an intermediate gear train is used to transmit the torque to the

wheel, the foregoing equation must be modified by S'm= SmN

where N = gear train ratio

S' = motor speed dictated by S and N
m m

Thus, for an intermediate gear train,

S' =N(ll.6- 1.16x10 "2T).
m

Ill. 3-1

D-C Motor Characteristics

A family of d-c motor speed-torque characteristic curves can be described by

a characteristic equation of the form:

= + K1E III. 3-2T m KS m

III. 3-14
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where

T
m

S
m

E

K

KIE

= developed motor torque

= motor speed

= operating voltage

= slope of speed-torque curve

= stall torque intercept

The motor constants, K and K 1, can be determined from data supplied with

most d- c motors.

r-

r

r

The current torque characteristic of a d-c motor is described by the equation:

where

T m = K2i - T O

T m = deveioped motor torque j,

i = motor current

T = torque intercept
O

K 2 = slope of the current-torque curve

HI. 3-3

In addition, the transmitted torque to the wheel (T) is a function of the motor

torque, N, and the gear train efficiency 0_) according to:

T = _ NT or
m

T = T
m u'-if-

And substitution for T
m

yields:

in Equation III. 3-2 and combining equations Irl. 3-1 and 3-2

T/uN= KN (11.6- 1.16x 10 -2 T) + K1E III.3-4

which relates a d-c motor speed to the wheel torque and speed requirements

as well as the gear train efficiency and reduction.

?

HI. 3-15
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By substitutingthe two wheel operation requirements intoEquation III.3-4for T, the

two equations generated can be solved simultaneously for N. The operating

voltage can then be determined for Sm = 0 using the stalltorque requirement.

By using Equations III.3-2,3-3& 3-4the specific d-c motor characteristics of

three motors where calculatedand tabulatedas shown in Table IH. 3-2.

Note: The manufacturer's data was used to determine the

chaTacteristicequationsfor each motor. The gear

train efficiencywas assumed to be 60 percent.

III. 3-16
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3. Wheel Declutching

A total of eight different methods of declutching the wheel from the wheel

have been investigated. All eight methods can be incorporated into the basic

wheel drive mechanism.

These methods are tabulated in the following table with comments on each

concept as well as an attempt to evaluate the three factors, weight, relia-

bility (as represented by complexity) and performance or mission value.

The evaluation was performed by assigning numerical values to each factor

for each concept. For example: Values of 2, 3, and 7 were assigned for

weight, values of 1 through 8 for complexity and 1, 3, and 5 for performance.

Fortunately the results tend to be in agreement with an intuitive evaluation.

As can be ^*_ "_nuL_u from the table the [our concepts with best stores are:

D. Multiple operation of a clutch_y a single solenoid

A. One shot declutching by an explosive device

F. Over running sprag type clutch

B. One shot declutching by an electrical solenoid

Of these four, number (F) must be ruled out since it has no reverse capa-

bility. Also, since (B) is basically a less desirable version of (A), we are

left with only two concepts to consider.

Concept (D) meets the requirement for both free wheeling to improve odo-

meter readings and of course, emergency decoupling. Its disadvantage of

requiring continuous power in one position will need evaluation and further

design study to determine if this disadvantage can be removed without

placing this concept in the same class as device (E).

Ill.3-18
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B. WHEEL DR/VE MOTORS

I. Method of Determining DC Motor Characteristics for SLRV

Wheel Requirements

A method will be derived herein for determining the required dc motor

characteristics to meet the operating :wheel requirements of the Surveyor

Lunar Roving Vehicle.

As s umptio,ns

In determining the dc motor characteristics, the following assumptions

have been made:

a)

b)

c)

d)

e)

f)

The dc motor speed-torque and current-torque character-

istics are straizht iine relationsl-ips and proportional

according to

y= rnx+b

The motor speed-torque curve is proportional to the

applied voltage and thus describes a family of parallel

lines for various applied voltages.

The stall current of the motor is a function of the brush

resistance according to E = IR.

The no-load current is a function of the losses in the

motor -- windage, brush contact, and mechanical

losses.

The no-load speed of the motor is described as the speed

at which the back emf generated is equal to the applied

voltage; thus, the motor can accelerate no further.

The stall torque is a function of the stall current, the

permanent-magnet field strength, and adc motor constant

(different for each motor) according to:

T = K((_) L (III. 3-5)

Direct Wheel Drive
i

The requirements for a direct dc motor wheel drive are dictated by the

IH. 3-20
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operation requirements for the Surveyor Lunar Roving Vehicle. Torque

requirements for the successful operation of a single vehicle wheel have

been specified at 96 oz-in, at I0 RPM at the wheel and 960 oz-in, at

stall. The dc motor speed-torque characteristics for a direct drive

motor can then be illustrated below:

Curve for some nominal voltage

"-" I

m Torque (oz:in)96 9 0

'Using the above requirements,

quired motor takes the form of

S = K'T + S
m o

the characteristic equation for the re-

J

where S = motor speed
m

S = motor no-load speed
O

....... i_,, motor torque @ wheel

K' = slope of the speed-torque curve

Substituting for the numerical requirerr, ents yields

S (RPM) = II. 12 - I. 16 x 10"Z(oz-in.)
m

Gear Reduction

Howe ve r,

the wheel, the foregoing equation must be modified by S'
rrx

where N : gear train ratio

S' = motor speed dictated by S and N
m m

if an intermediate gear train is used to transmit the torque to

=S N
m

Thus, for an intermediate gear train,

S' = N (II. IZ - I. 16x 10 "z T).
m

in. 3- I
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DC Motor Characteristics

A family of dc motor speed-torque characteristic curves can be described

by a characteristic equation of the form

T = KS + K E (LLI.3-6)
m m I

whe re T
rn

S
m

E =

K =

KIE =

developed motor torque

motor speed

ope rating voltage

slope of speed-torque curve

stall torque intercept

The motor constants, K and K 1, can be determined from data supplied

with most dc motors.

The current torque characteristic of a dc motor is described by the

equation:

T : K i- T (U T 3-7)rn Z o --.

where T = developed motor torque
rn

i - ,,,_,_v, Cu*-r_nL

T = torque intercept
0

K 2 = slope of the current-torque curve

In addition, the transmitted torque to the wheel (T) is a function of the

motor torque, N, and the gear train efficiency (_) according to:

T" = _ NT
m

T

m /_N

or

And substitution for T
rn

yields:
-Z

T/,t_.N = KN (11. IZ - I. 16x 10 T) + KIE (ILl. 3-8)

which relates adc motor speed to the wheel torque and speed require-

in Eq. (III.3-6) and combining eq. (ILL 3-5) and(3-6)

ments as well as the gear train efficiency and reduction.

III. 3-22
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]3 7 substituting the two wheel operation requirements into Eq.(III. 3-8) for

T, the two equations generated can be solved simultaneously for N. The

operating voltage can then be determined for S : 0 using the stall torque
In

requirement.

By using Equations (1II. 3-6, 3=7,3-8) the specific dc motor characteristics

can be calculated and checked for performance in the SLRV wheel drive.
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2. SLRV Wheel Drive Motor Evaluations

To initially limit the scope of motor types considered for use in the SLI_V,

the following criteria were selected as primary design goals:

(I) Motor must be readily adaptable to the available power

supply

(Z) Motor output power and speed must be consistent with the

mission requirements.

{3) Available space envelope and motor weight are considered

premium and must not exceed allocations.

By limiting the selection of motor type through the use of the above criteria,

the final selection of a suitable SLRV motor or motors can be made with the

following as design goals:

{1) Motor should provide maximum power output vs. weight.

(2) Motor should provide minimum power drain during SLRV

ope rations•

(3) Motor should provide a minimum weight density (weight to

volume ratio in ozs/in3).

(4) Motor speed should be low to provide a minimum gear re-

ducer ratio.

(S) Motor should provide operation in the specified temperature

range.

(6) Motor selection must take into account necessity for her-

metic sealing.

MOTORS COlt POAATION

Re c_uirements

Present specifications dictate a vehicle motor supply voltage of 28 vdc.

Analysis of present weight allocations indicates that the wheel drive motor,

J
gear reducer, filters, and associated equipment should not exceed I. 03 Ibs.

Envelope requirements are specified at a 3 inch diameter maximum with an

overall length of 4.0 inches.

Note: This envelope includes provisions for hermetic sealing

bellows and housing in addition to motor and associated

Ill. 3-24 equipment.
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The torque requirements are 96 oz-in, at I0 rpm nominal operating mode

and 960 oz-in, maximum.

AC Induction and Synchronous Motors

The prime reason for considering motors other than dc is the possibility

of eliminating the problem of brushes in vacuum. The use of an ac motor

could circumvent this problem and therefore warrant a discussion of their

application to the SLAV.

Speed Torque Characteristics. The single phase ac induction (excluding

the low inertia low torque servo motor) and the ac synchronous motors

have typical speed-torque characteristics as follows:

Induction

roan

0
Torque

4=t

*J "U

lOC

/

I

Spfgd

Torque

%

%
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The application of either the induction or synchronous motors must consider

the following speed-torque characteristics:

The speed-torque curve must have sufficient torque spread to accommodate

both the nominal operating point and the maximum stall torque requirements.

For the SLRV wheel drive this means that the spread must be greater than

I order of magnitude or 1000% from the nominal operating torque to the

maximum torque available. For example, a given induction or synchronous

motor operating through a 2400:Ip 60% efficient gear reducer will provide

a nominal 96 oz-in, at 10 rpm at the wheel. The motor itself is loaded to

•67 oz-in. This same motor then must provide 6.7 oz-in, maximum torque

to meet the requirements of the "vehicle.

The above considerations are for maximum torques only; the starting torques

which can be somewhat less than the maximum are not considered, if neces-

sary, starting ,_orques car, be _" _" a,Ajuste_ to the maximum torques, further treat-

ment will be given later in this section. The primary problem here is to

11nd a motor with suliicient torque speed to accornmud,tt_ th_ SLXV zequire-

ments.

Investigation of ac induction motors based upon the above indicate the follow-

ing trends:

i1% T ....... I _h,_ l';nl_hL,_,';_l"_t" _';ncrl_ nhase induction motors (less
_** 6:* _'a_ _ f'_'_'J "''_ _.?'_ ....... _ ....... _--- r ........

than one Ib) operating 115 vac, 400 cps, are capable of pro-

viding the required torque in speed ranges varying from as

low as 7000 R/)M to as high as gg, 000 RPM. See Table 111. 3-3.

(z)

(3)

The lightweight polyphase induction motors operating on

Z00 vac and 400 cps are also capable of supplying the SLRV

torque requirements. In this case speeds range from 8,000

RPM up to ZZ, 000RPM. See Table Ill. 3-4.

A lightweight, 60 cps induction motor can be made to exhibit

the SLRY torque requirements as illustrated in Table Ill. 3-5.

however, the bare motor alone weighs 0. 01 Ibs

greater than the allocated weight of I. 03 ibs for the motor

and associated equipment.
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The maximum operating efficiency of the induction motor occurs near the

maximum toroue value. When the nominal operating point of the motor is

far removed from the ruaximum efficiency point, as in the case of the $LRV

requirements, the resultant operating efficiency occurs at the "low" for the

system. In some cases, the SLRV torques reauire maximum operation

below the maximum efficiency point. In each of these cases, there is a

resultant loss of watt-hours and excessive motor and inverter heating.

This in turn results in a needless battery or solar panel drain.
/

For a number of the motors maximum SLRV torque output will occur

in the region of the "knee" of the speed-torque curve; i. e. , the region be-

tween the starting toraue and the ruaximum torques as illustrated below:

4)
4)

Starting Maximum
Torque Torque

Tore_ue

_ l_aximum SLRV
Requirements

As indicated in the diagram, the motor would not function from "vehicle

start" as the SLRV torque requirements exceed the motor starting toroue.

It would be desirable, then, to change the general motor characteristics

b_ V ...... a CO.-_.._atib!e a_tin_ tnrr_lle and oper;Ltin_ toroue.

By changing the rotor resistance sufficiently, the starting torque can be

made to approach and/or equal the maximum motor toroue as explained below:

From (1) the mathematical expression for the developed toroue (T) as a

function of the blocked rotor voltage (Ers), slip (s), blocked rotor reactance

(Xrs), and rotor resistance (Rrs) can be expressed as:
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sE R
1"8 rs

T=K
R 2 + sZX Z

r r8

To maximize the torque as a function o[ the rotor resistance,

with E -- constant. The solution becomes
r8

R =.+,x
I" rs

GENERAL MOTORS CORPORATION

. i t

take dT .= 0

dRr

Therefore, the maximum torque occurs at the starting toroue when speed

is zero and s is unity, thus making

R ,= X

r rs

It should be noted that when the resistance is made eaual to the reactance,

a compromise is made on motor performance. At nominal load conditions

the rotor copper losses are high which reduces the power output and lowers

the efficiency of the motor substantiallw

In add£tion, _rorn the _hnv_ ecuRlity it can be seen that Lhe maximum toroue

developed by the motor:

T K sE Z (.+SXrs )
=- rs

2 2
(sX )Z + s X

rs rs

2 Z
"i" _-- = +'" s E X- rs rs

2s 2 X 2
rs

2
T : + K Ers

m

2X
rs

or

Thus, to increase the maximum toroue output when desirable, it is necessary

to increase the applied voltage and/or decrease the inductive reactance of

the 1.otor. It should be noted that for a given motor the X is fixed. De-
rs

creasing the reactance initially is limited on small motors by miniaturiza-

tion techniques in manufacturing of the parts.
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Speed variations of up to 40% from no-load to full load are not significant

for the selection of a motor provided the nominal operating speed of l0 RPM

is maintained. Investigation of the ac synchronous motors has indicated the

following trends:

(1)

(z)

(3)

The synchronous motor operating on I15 v ac, 400 cps,

single phase is, in general, not capable of supplying the

maximum torque to the SLRV wheel and meet weight re-

quirernents. Refer to Table IlL 3-6.

Although one motor can supply the required maximum,

the maximum torque is over the starting torque; thus,

changes would have to be made to bring the starting

torque beyond the maximum. As with the induction

motor, these changes would result in a low efficiency

operation at maximum.

The polyphase synchronouE motor operating on Z00 v ac

and 400 cps is capable of supplying the required torques

to the SLRV. The speed range is limited to IZ, 000 RPM.

See Table Ill. 3-7.

The single or polyphase synchronous motors operating on

If5 or Z00 v ac, and 60 cps are not capable of supplying

the required torques. See Table iii. 3-8.

Power Suppl_r. The ac induction motor as well as the synchronous motor

will require a dc to ac inverter to utilize the Z8 v dc supply on the SLKV.

A cursory inspection of the wheel drive power requirements indicates a

motor powez requirement in the range of I0 to 20 watts per wheel. Present

information indicates that a suitable dc to ac inverter would have to be

developed.

For example, Sorensen manufacturers a Z5 watt dc to ac inverter which

weighs 1.5 Ibs. Temperature limitations are -30°C to 70°C or -ZZ°F to

+158°F. The inverter supplies I15 vac at 400 cps up to a current capa-

city of .ZZ amps. Efficiency depending on the load ranges from 65 to 80%.

Factors to be considered here are temperature, current capacity, weight,

and efficiency. By integrating the inverter into the compartment #Z elec-
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tronics, the temperature problem can be minimized. It should be noted,

however, that 6 units will be required to be placed in a compartment

where space wiflbecome premium. Further development of an inverter

might yield a model suitable for operation within the wheel drive temp-

erature constraints.

Further development is also required to obtain a higher current capacity

and a lower weight. In some cases at maximum load, the current drain

may be as high as .8 asps depending upon the motor selection. The in-

verter weight to be compatible with the weight allocation should be re-

duced by one order of magnitude.

The inverter efficiency presents a problem for which no compromise can

be made. The inverter with operating characteristics as previously men-

tioned would dissipate 20 to 35% of the input power as losses. For a motor

requiring !S watts at the maximum torque conditions, the losses could

...._....... 4 to g w_L_ per motor. For tftetotal vehicle then the _xcessive

drain from the battery or solar panels could be as high as 48 watts (suf-

ficient power to drive 3 additional motors). Thus, development is required

to obtain an inverter efficiency approaching "xnity.

MOTOR8 CORPORATION

Space Envelope and Weight. The envelope size is dictated by the size of

the ac motor, RF filter, dc to ac inverter, and the gear reducer. A cursory

inspection of t,hesizes of the lightweight ac motors indicates an envelope

size of I. Z5 in diameter with an overall length of Z. _ inches. Adequate

room is available then to accommodate the gear reducer, filter, and bellows

and crank. The inverter size may impose a problem if it cannot be integrated

into the compartment electronics.

A few aspects of the weight problem have already been covered. The in-

verter poses the principal problem With the gear reducer following in im-

portance. Weight reduction in the inverter might entail combining the in-

verter electronics with compartment electronics. As mentioned previously,
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a development pie,scare will be required in this area.

investigated is the gear reducer requirements. _eductio_, ratios lot the ac

motors can vary from 700 to g200"l. In any case the higher reductions re-

sult in increased weights as stages of reduction are added. Selection of an

ac motor would depend, then, on the weight to power ratios of the ,:_otors

Movo,s COnPOmAV_ON

L C_ i T r_ _

TR64-26

A seco:;d area to be

coupled with the lowest gear ratio.

Summar_r. (I) The ac induction motor can provide the torques required

to drive the SLRV. (g) The synchronous motor torque outputs are mar-

ginal with respect to the maximum SLRV torque requirements. In addition,

the synchronoue motor supplies less torque than that of a similar size in-

duction motor; thus, the synchronous motor shall be eliminated as a pos-

sible selection for the SLRV. (3) Selection of an ac motor can present a

problem in the power supply. The necessary dc to ac inverter imposes

weight, packaging, and etiiclency problem_ wl,icl-_rr,ust he so!:,ed prior to

deflnitizatlon of ac motors for the SLRV. (4) The induction motor does

not l_tve brushes and therefore eliminates oneof the reasons for hermetic

sealing of the drive system.

DC Motors

The dc motor will in general have a linear speed variance from no load

to full load torques. The dc motors then are particularly applicable to

v&ri&ble speed drives. In addition, the dc motor can readily be adapted

to high torque applications.

Appendix B shows the methods used to establish the dc motor characteristics

in conjunction with the SLRV wheel drive requirements.

This section will cover ordy the dc brush type motors, as brushless dc

motors are considered in a separate section. In addition, only the per-

m&nent-magnet type dc motor is considered here since it is the lighter

and smaller counterpart of the wound field type.

III.3-31 ,,_ .,_/,.,.
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Speed Torque Characteristics. The dc motor must also provide sufficient

torque spread to accommodate the nominal SLRV operating and maximum

torque requirements. Since the dc motor has a general speed-torque charac-

teristic described by y = mx + ba the maximum torque condition is at motor
d

stall conditions. As previously mentioned the speed variance is of little sig-

nificance provided the I0 RPM nominal operating speed is maintained. The

dc motor lends itself well to mathematical determination of the required

motor characteristics at optimum performance. The variable speed char-

acteristics of the motor makes selection of suitable _,ear reducer ratios

difficult except by mathematical determination.

Three types of permanent-magnet field motors exist: l) the power variety

characterized by few commutator segments, straight armature poles, rela-

tively high speed and low torque; (g) the servo type, similar to the power

type but with a greater nttmber of commutator segments and skewed arma-

ture poles; and (3) the torque type with a large numbcr of commutator seg-

ments, skewed armature poles, lower speed and higher torque°

Three motors, each representative of the type previously mentioned, were

investigated for use in the SLRV wheel drive. It was determined that each

motor could be utilized in the wheel drive. Moreover, each motor was

substantially overpowered for this application and required a reduction of

voltage to attain the given speed and torque (Refer to Table Ill.3-9).

The efficiency of the dc permanent-magnet motor lends itself well to the

SLRV application. The maximum efficiency of these motors occurs in a

range of Z0 to 40% of stall torque. Thus, the operating torque occurs near

the maximum efficiency torque. Slight increases in operating torques during

roving operations will result in even more efficient operation. The short

term maximum torque condition, however, will occur at minimum efficiency.

L

Power Supply. The dc motor adapts itself to the available power supply

with no accessory equipment. The sele,_ted dc rotor can be wound to ac-

II1.3-32 _ " '"' ' ' I
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qommodate Z8 volts dc with no increase in weight and little or no change

to the required performance characteristics.

Space Envelope and Weight. The space envelope reouired for dc motor

operation is specified by the size of the motor,rf filter, and the gear re-

ducer. Motor sizes vary with configurations as indicated by the sizes of

the three motors in Table III. 3-9 as shown below:

Lensth Width Height Diameter

CPPC 1. 38 .... .75

Globe I.38 .... .875

Inland I.0 I.0 I. 0 --

All of the above motors readily meet the space envelope.

T_e weight of the permanent-magnet dc motor is inherently low in small

sizes. The primary weight consideration in using the dc motor (other

than its own wei_htJ is the gear reducer weight. The reduction ratios

for the dc power train vary from 365 to i780: i. Again the higher re-

ductions result in increased weight to do the same job as the lower re-

duction systems. Selections of the dc motors will depend on the weight

to power ratios of the motors with gear reduction.

Summary. (1) The permanent-magnet dc motor can provide the toroues

reauired to drive the SLRV. (_) The dc motor inherently has speed-torque

characteristics that readily match SLRV reouirements. (3) The dc motor

will operate directly off the available power supply.

j,

"--! | _ i TTT 2-_2
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Stepping Motors

The stepping motor is an incremental drive mechanism utilizing either ac

or dc pulse activation. The motors are categorized into two distinct groups,

mechanical and magnetic steppers. The mechanical steppers are essentially

rotorary, solenoid actuated indexing devices while the magnetic stepper is

an electric motor (usually modified ac design) operating either on an ac or

dc supply. The mechanical stepper utilizes mechanical detents for toroue

holding and operate at relatively higher toroues and low speeds. In general,

the magnetic types secure the shaft by magnetic means and operate at some-

what lower torque levels and higher speeds than comparable mechanical

types.

MOTORS CORPORATION . ,

Performance Characteristics. The stepper motor speed is specified in

terms of steps ver second with the step P,,,,=] _ _ o,_,,_'_f;,_-_ - --. . ......... r ....... angle of ,ota

tion. The stepper speed can be converted to nominal motor speed in rpm

by the following manipulation:

1

Motor Speed (RPM), : Ss x _ x 60 .#here

S = Stepper speed in steps per second
8

R = Stepper rotation in steps per l -revolution

In general, the stepper speed is a constant with the stepper rotation pro-

riding a wlde selection of values. In addition, as the stepper rctation in-

creases, the resultant speed decreases proportionally and likewise the

reoulred gear reducer ratio decreases in the same proporation. The stepper

toroue reouirernent, however, increases as the gear ratio is reduced. In

some cases it maybe necessary to decrease the stepper rotation to pro-

vide sufficient toroue to perform on the SLAV. A limitation as to the ex-

tent of the decrease in stepper rotation is the resultant impacts or rough,

hammering drive effect from the inherent acceleration and deceleration,

through a large angle of rotation. Thus, it may be necessary to compro-

mise between the smoothness of the drive and the operating speed.
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The stepper output is analyzed with respect to two factors of the drivTe% 64-26 "

load to determine performance. These factors are the friction load of
J

the driven mechanism (the required torques) and the inertia load of the

driven body.

A critical limitation on the mechanical type stepper is its duty cycle while

the magnetic type stepper has some critical weight problems associated

with the motor and additional circuitry.

Data for the investigation on stepping motors was derived from Product

Engineering, Volurne 34, No. 3 and product catalogs.

Mechanical Stepping Motors. An investigation of the types of mechanical

stepping motors has revealed the following (Refer to items (1) and (Z) on

pages HI. 3-50 and III. 3-51.

Both the rotorary solenoid and ratchet and pawl type mechanical steppers

are inadequate for use in SLRV. In both cases, the duty cycle is not con-

tinunus, and would result in cyclic operation of the wheel drive. In addi-

I/on, the rotorary solenoid type does not have sufficient output to meet

the torque requirements of the SLRV.

Magnetic Stepping Motors. The magnetic stepping motors are inherently

continuous duty cycle devices. An investigation of the various types of

magnetic steppers has revealed the following (refer to items (3) through

(8) on pages III. 3-51 through III. 3-56:

Of the seven types of magnetic steppers investigated,

(i)

(z)

(3)

(4)

(5)

(6)

(7)

Rotary transmittar.and follnwer

Sequential, permanent magnet rotor

Cyclical, permanent-magnet rotor

Permanent-magnet stator

Variable reluctance

DC synchronous stepper

AC stepper

__r,: "' .......... _0; -_ _ ...... _ 1TI. 3-35
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only two (items (4) and (5)) meet the specified torque, weight and envelope

requirements of the SLAV. The permanent-magnet stator and the variable

reluctance types of magnetic steppers are also capable of opelation directly

from the 28 vdc supply of the SLRV .....

Summary. (I) The mechanical type stepping motors are not adequate for

use in the SLAV. The fractional duty cycle of the mechanical stepper

does not lend itself to the continuous operation required by SLAV. (Z) The

permanent-magnet stator and variable reluctance stepping motors (repre-

sentative of magnetic steppers) provide the required SLRV torques within

the weight and space envelope allocations and can be readily adapted to the

dc power source of the SLRV,

Brushless DC Motors

Information on the dc brushless motor from Lamb Electric Division of

Ametek, Inc., indicates that a brushless dc motor of weight and torque

output that is required for SLKV is presently not feasible. Considerable

,-l_,,wmt ,._ ,,. _+..o-_.- 1 ..1 +-...... ,............ ,. have ,v be uu.c...... _u ouLain a motor in the 3-4 oz. weight

range with torques comparable to the miniature, permanent-magnet dc

motors.

At the present time, Lamb has a brushless motor slightly less than one

pound; however, it does not meet the speed-torque requirements of a

direct drive for the SLaV and a o_mr r_urer .....l,_ =,4,4........... .-.---

to cause the motor to exceed the drive mechanism weight allocation.

.Moto r Type Selection d

Tables III. 3- I0 and llI. 3- 1 1 show the tabulations of the

power characteristics for the applicable a c induction, magnetic stepping,

and dc permanent-magnet motors. As mentioned previously the selected

motor should provide a maximum power to weight ratio. As indicated in

Tables Ill. 3-10 and 3-1 l, five motors show favorable power to weight ratios.

These motors aretwo highpower induction motors, the Kearfot_ AB-7-I

IT[.3-36
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and the Westinghouse 78-480, and the three dc motors of Table HI. 3-1 I. In

each case, the motor has a high efficiency which ranges from 55 to 68%.

In terms of weight density the dc motors have values of 2.2, Z. 3, and

2.8 oz/in 3 for the Globe CPPC, and Inland motors, respectively. The

.c motors have weight densities of 1.63 and 3.09 oz/in 3 for the Westing-

house and Kearfott motors, respectively.

Although the a¢ motors have substantially better power to weight charac-

teristics and comparable weight densities to the dc motors, two other im-

portant factors must he considered: (1) the amount of power drain including

that of the inverter, and (2) the gear reducer required to operate the wheel

drive to the requirements.

Tables III. 3-lZ& 3-13 show the tabulations of SLRV wheel drive ac and dc motor

characteristics. The overall operating efficier_:yshows that both the ac

motors exhibit high losses at the nominal operating point suc. t,hat the

cfflclency is 3 to 5 times !c_ver than _ho,_ nbt_ned using the dc motors.

Ixt addition, the ac system efficiency is further degraded by the inverter

efficiency such that the difference between ac and dc operation efficiency

becomes as high as 4 to 6 times.

Each of the motors will require development to meet the temperature re-

quirements of 0°F to 400°F operating range.

Although the dc motors will require hermetic sealing to protect the brushes,

the weight increase for the hermetic sealing is more than compensated for

through the difference in weights between the ac motors and the dc motors.

For example, the Kearfott motor and the ideal inverter might attain a

n_inimum of 10. Z ozs. with no hermetic sealing required. The heav_;, st

dc motor presented herein is the Inland which is 2.8 ozs. The addit" ._ of

hermetic sealing requires an inner housing and flange and bellows, the

weights of which are listed below:

]Inner housing and flanging estimate .-'_SZ Ibs. or 5.63 ozs.

Be_lows est/mate .005 lbs. or . 08 OZ.

A b

GI[NER At. MOTORS CORPORATION
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Thus, the total weight of the Inland motor with a hermetic seal would

amount to approximately 8, 41 ozs., the approxirnt te weight of the ac

motor without accessories.

Selection of the proper dc motor for use in the SLRV wheel drive will

also result in the selection of a low gear reducer ratio which will increase

reliability, ef/iciency, and decrease weight.

Summary

The selection of the dc permanent-magnet motor for use in the SLRV

wheel drive is evident for the following reasons:

(1) The dc motor provides a higher overall system efficiency

at the required SLIRV operating toroues than do the ac motors.

(Z) The dc motor weight in conjunction with its associated her-

metic sealing capabilities is less than the comparable ac

motor and its accessory electronics. The inverter elec-

tronics can impose thermal control and cornpartrnent

space problems for the dc motor ad&pts to the e._..__ro._..m.ent

and the wheel mechanism space envelope.

(3) Adc motor selection of the'[nl&nd class" will provide & low

ratio gear reducer which increases reliability through the

small number of stages and also decreases weight and in-

creases efficiency.

KI. 3-38
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GENERAL STEPPING MOTOR PERFORMANCE

(I) Ratchet & Pawl Type

Stepper speeds:

60 steps/see. @ I0 to 64 steps/revolution

Comparable RPM ranges:

57 to 360 RPM

Gear reducer ratios* to maintain 10 RPM_hee 1

5. 7 (rain.) and 36 (max.)

Required torques:

@ 10 RPM,

@ max. T,

Inertia load:

3. 14 oz-in. (min.) and 19.8 oz-in.

31.4 oz-in (rain.) and 198 oz-in.

16.6 gm-cm z (rain.) and 105 gm-cm z (max.)

Rated motor capacities:

torque. = 47 oz-in.

inertia= 10 3 gm-cm 2

MOTORS CORPORATION

o

Comments

It is evident that the stepper will have to be operated near the maximum

speed range to provide the required SLRV torques. Near the maximum

speed, the inertia and torque values of this type stepper are adeouate to

meet the required values.

It should be noted that the duty cycle for this type mechanical stepper is

only 60%. Since the SLRV will require a continuous duty cycle, this

stepper is not adequate for SLRV usage.

* Note: Gear reducer efficiencies will be selected per the following
table of values:

below 100 ..... 85%

100 to 500 ..... 80%

500 to 1000 .... 70%

I000 qr more-- 60%
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(z) Rotary Solenoid Type

Stepper speeds:

4 to 15"steps/sec @ 8 to 24 steps/revolution

Comparable R.PM ranges:

.4 to I14 RPM

Gear reducer ratios to maintain I0 ItPM wheel:

I (rain.) and II. 4 (max.)

Required torques:

@ Max. T 9.8 oz-in (rain.) and 96 oz-in.

Rated capacities:

torque = I oz-in.

Z
ine rtia = 2 5 grn- cm

CORPORATION

TR64-26

(max.)

Comments

T h_s type stepper cannot meet either the torque or inertia requirements

imposed by the SLRV. a

In addition, its maximum duty cycle is only 56_0.

(3) .Rotary Transmitter and Follower

Stepper speeds:

2. 5 to 120 steps/sec @ IZ, Z4, and 120 steps/revolution

Comparable R/_M ranges:

• IZ5 to 600 RPM

Gear reducer ratios to maintain 10 RPMwheel:

I (rain.) and 60 (max.)

Required torques:

@ I0 RPIvl, I. 89 oz-in. (rain.) and 96 os-in (max.)

@ max. T, 18.9 os-in. (min.) and 960 oz-in (max.)
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Ine rtia load:

2
9.5 gin- cm

Rated capabilities:

torque = 55 oz-in.

Inertia = ?

Z
(rain.) and 597 gm-cm (max.)

(max.)

CORPORATION

Comments

The stepper motor torques range from 0.7 oz-in, up to 55 oz-in, and

correspond to weight a11ocations from 2.5 oz. to 10 lb. Assuming a

linear scaling fkctor, the comparable stepper weight to achieve the

18.9 oz-in, of torque would be 55.3 oz. or 3.46 Ibs. In addition,

extra weight n_ust be added to accommodate the motor control cir-

cuitry. In any case the weight exceeds the a11ocated SLRV motor wheel

drive requirements.

--4

(4) Sequential, Permanent-Magnet Rotor Type

Stepper speeds:

145 to 400 steps/sec. @ 4 to 16 steps/revolution

Comparable RPM ranges:

544 to 6000 RPM

Gear reducer ratios to maintain l0 RPM bee!:

54.4 (rain.) and 600 (max.)

Required torque s:

@ I0 RPM, .Z oz-/_n. (rain.) and Z. 08 oz-in (max.)

@ max T, Z oz-in. (rain.) and ZO. 8 os-in. (max.)

Ine rtia load:

2
• 95 grn-cm

Rated capacities :

torque = . 08 oz-in.

inertia = ?

Z
(rain.) and I I grn-cm (max.)
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Comments i.- .......... _-
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CORPORATION

TR64-26

This type stepper provides proper weight characteristics, but the torque

output is well below that required to drive the SLRV.

A possible trend in the magnetic stepper motors seems evident; when the

torque is sufficient to maintain the SLRV, the weight will be in excess of

the requirements and vice-versa.

(5) Cyclical, Permanent-l_net Rotor Type

Stepper speeds:

80 steps/sec @ Z4 steps/revolution

Comparable RPM:

19Z RPM

Gear reduccr ratio to maintain I0 RPMwheel:

14. Z

Required torque s:

@ I0 RPM, 5.9 oz-in.

@ max. T, 59 oz-in.

Inertia load:

Z
31 gm-cm

Rated capacities:

torque = Z oz-in.

inertia = ?

Comments

This type stepper does not have sufficient power output to accommodate

the SLRV requirements.

(6) Permanent-Magnet Stator Type

Stepper speeds:

I000+ steps/sec @ I0 or Z0 steps/revolution
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Comparable RPM:

3000 or 6000 RPM

Gear reducer ratios to maintain l0 RPh4wheel:__

300 and 600

Required torques

@ 10 RPM..23 oz-in, and.4oz-in.

@ max. T, 2.3 oz-in, and 4 oz-in.

Inertia load

2 2
• 95 gm-cm and 1. 99 gm-cm

Rated capacities:

torque = 5 oz-in.

inertia = ?

CORPORATION

Comments

This type stepper is capable of meeting the SLRV torque require.-_..ents
J

at either motor speed.

Stepper torque variance is 0o 7 oz-in, to 5 oz-in, with a corresponding

weight variance of 3 to 18 oz. For the required torques of 2. 3 and 4 os-

in. , the respective weights for linear scaling are 8.6 oz. and 14. 5 oz.

In addition, this stepper requires no special control circuitry and thus

the motor weight is the total considered weight.

Although the maximum inertia load is not specified, it is likely that

the load is within a range of acceleration compatible with SLRV.

It should be noted, however, that the envelope size of Z x 3 x I indicates

& possible problem in fitting the motor to the wheel mechanism envelope

and still providing sufficent space for a gear reducer, filters, and her-

mett¢ sealing.

• o

(7) Variable Reluctance. Type

Steppe r speeds:

500 and 1800 steps/mec @ 24 to 120 steps/revolution
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Comparable RPM ranges:

@ 500 steps/sec, 250 to 1250 RPM

@ 1600 steps/sec, 800 to 4000 RPM

Required torques:

500 steps/sec

@ I0 RPM . 96 oz-in (rnin.) and 4. 53 oz-in.

@rnax T, 9. 6 oz-in. (rnin.) and 45.3 oz-in.

1600 steps/sec

@ I0 RPM,

@ max. T,

Ins rtia load:

MOTORS CORPORATION

'1"_64-26

• 3 oz-in (rnin.) and 1.5 oz-in (max.)

3 oz-in (rnin.) and 15 oz-in (max.)

(max.)

Z
(rnin.) and 7.45 grnn-crn (max.)

2 2
@ 500 steps/sec, 4.77 grn-crn (rnin.) and 23.8 grn-crn

2
@ 1600 steps/sec, 1.49grn-cm

Rated capacities:

torque = 30 Ib-in. @ 500 steps/sec

and 1 oz-in. @1600 stepslsec

Comments

The SLRV torque requirements can be satisfied by either the low speed or

high speed reductions for the 500 step/sec design. The 1600 step/sec de-

sign is not adequate at eithr reduction.

corresponding weight variance of . 7 oz. to 720 oz. Thus, for the high

speed reduction torque of 9.6 oz-in and the low speed reduction torque of

45.3 oz-in, the corresponding weights are 13.6 oz. and 67. Z oz.

The high speed reduction provides the necessary torques w_thin the given

w;ight allowance.

It should be noted that this motor reauires a control circuit consisting of

a logic unit and amplifier which could increase the weight beyond the

deaigr_ted limits.
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(8) DC Synchronous Stepping and A C Stepping Types

Comments

The dc synchronous stepping motor exceeds both the weight and envelope

limitations. Smallest of this type weighs approxlmately 4 Ibs. with an

envelope size of 4 x 4 x 6 inches.

The ac stepping motor also exceeds the weight limitation which is

further increased by the control circuitry and the additional weight

of the dc to ac inverter.

r--
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C. SOIL BEARING STRENGTH MEASUREMENTS

Introduction

Broadly spearing, there are two definitions for soil bearing strength: one is

defined by Terzaghi _lJ*'" as the critical load of incipient soil failure through

plastic flow, and the other is defined by the relationship between load and sink-

age after plastic deformation has taken place. (2, 3)

The firstcase can be expressed by the equation

p = cl'_c + 2Nq + 1/2 _{ bN {iii.3-9)

where

and

Nc, Nq,

p = bearing capacity in the broad sense (psi)

c = soilcohesion#[psi)

q = surcharge (psi)

b = smaller dimension of loading area (in.)

N = bearing capacity factors which are functions only of
"_ the soil angle of friction, 0 (dimensionless).

The second case can be expressed by the equation

{Ill.3- I0)

which was previously given in the discussion on Vehicle Systems.

Raised numbers in parentheses refer to references listed on page III. 3-87.
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In both cases the bearing capacity depends not only on the mechanical proper-

ties of the soil, but also on the size of the loading area.

There is no formal relationship between Eq. (HI. 3-9 & 3-10}, since Equa-

tion (9) describes a situation before appreciable sinkage takes place, while

Equation(10) desci'ibes the load-sinkage process after plastic deformation of

the soil has started. Furthermore, both equations are of an earnpirical nature.

Since a rigorous general solution of the relationship between bearing capacity p

and sinkage z does not exist and probably will not be forthcoming in the fore°

seeable future, (4, 5) Equation(10) has been accepted as abasis of prediction by a

growing number of students of the problem, particularly with respect to the

mechanics of off-road locomotion. (6, 7)

It may be pertinent to mention that Eq. (IH.3-10) is nothing more than an em-

pirical equation that fits families of experimental curves obtained Irom tests in

a homogeneous semi-irdinite media, within load and deformation limits that

are normally of interest in land locomotion studios It is ,Jsed in !,2ad-sip.kage

studies because it provides the miaimum soil properties needed to quantita-

tively predict load-sinkage relationships of large loading areas. This infor-

mation is provided by penetration tests performed by two plates of different

dimensions. One advantage of using Equation(lO)lies in its exponential form.

Plotting values of p(z) on a log-log scale results in a simple method of solution

for kc, k 0 and n, as discussed under Vehicle Systems.

As mentioned above, to determine bearing capacity from Eq. (III. 3-10) penetra-

tion tests are required with two plates of different sizes, wherein z is obtained

as a function of p. Plotting the p - z values on a log-log coordinate system

results in two, essentially straight, parallel lines for the case of a homogene-

ous soil. Curvature does exist at relatively low sinkage, but at this condition

plastic failure has not yet taken place and therefore Equation(10)does not apply.

In this region Terzaghi's equation for bearing capacity (Eq. III. 3-9 should be

used. Therefore, the soil parameters k c, k#, and n are not affected by the

curved portions and can be computed as described under Vehicle Systems.
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Having determined these values, it is then possible to predict the load-sinkage

relationship for any size plate in the sazne soil conditions.

t""

EXAMPLE

Fig. III.3-5 shows experimental p-z curves obtained in snow with plates of 3,

6, 9 and 12-inch diameter. The p-z relationships for the 3, 6 and 9-inch

plates are plotted in Fig. IH.3-6. The values k 0 , kc and n can then be obtained

from any pair of thR above plates, and the results used to predict the load-

sinkage characteristics for the 12-inch plate.

Fig.I IX.3-7 shows measured-versus-predicted results for a 12-inch plate based

on results obtained from the 3 and 6-inch combination, and from the 6 and

9-inch combination. As is to be expected, the calculated results obtained

from the 6 and 9-inch pair correlate with the 12-inch plate's measured values

with a higher degree of accuracy than do the results from the 3 and 6-inch

con_.b!nation. Howcvcr, for most u_s, both pLedit:Lio_ can be considered

satisfactory, especially at the hi_her pressures. Based on experience to date,

it appears, depending on the soil type, that test plates of at least 2 or 3 inches

in diameter are required to satisfactorily determine load-sinkage relation-

ships for larger plates on the order of up to 12 inches

NON- HOMOGENEOUS SOILS

This method can also be extended to the case of non-homogeneous stratified

.....•,,_,,,_. For irtstaace, Fig.iii.3-8 is composed of a set of curved lines and

shows a typical log-log plot for a stratified soil. Such a plot can be considered

to consist of two sets of lines characterized by two sets of k and n values.

The set to be used for prediction purposes will then depend on the pressure

range of interest.

INSTRUM ENTATION

To obtain experimental 10ad-sinkage data, quasi-static tests are normally con-

ducted using an instrument called a "Bevameter", shown and described under
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Fig. IH. 3-5. Four Plate Sizes Tested in the Same Snow Pack
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PENETRATION TEST USED

TO PREDICT 12" D1A TEST

3" & 6"
COMBINATION WAS USED

6" & 9"

PENETRATION - z, IN,

Fig.III.3-6. Load-Penetration Test on Snow with
Test Plates of Various Diameters
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Fig .III. 3-V. Prediction vs Test D_ta of

12" Diameter Plate (Snow)
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Fig. HI. 3-8. Penetration in Non- Homogeneous Soils
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"Vehicle Systems". With this instrument the test plates are forced into the

soil at a slow, fairly uniform rate of penetration, and the load and sinkage are

recorded simultaneously.

Sizeable pressures are necessary in the case of most soil types to obtain ap-

preciable sinkage by means of static methods. In the case of the proposed

SLRV the necessary static loads against which the test device would have to

act are not attainable due to its light weight. For example, a lunar load of

approximately only 5 to 7 pounds would be available for a static test measure-

ment and to produce pressures of 15 psi the plate diameter would have to be on

the order of 0.65 to 0.75 inch. This plate size is much too small to determine

soil parameters necessary for bearing-capacity predictions. For this reason,

a special instrument was built for incorporation on the SLRV to measure the

b_f_ring strength of the lunar surface. This instrument is called the Dynamic

lterative Bearing _rength Instrument. or D_SI. A method was dcvcloped to

obtain force amplification by kinetic loading in order to measure the surface-
• • -a._

¢a_l_ rm,ttioi, characteristics with 2- inch ,,,,_,_.a A_,_.,,,.,,;_,, ,.. _..._,,..n__ ._ ,_,_,. ph*._._o_ --.._"a unit

loadings as high as 50 psi. The basic principle of the instrument involves

vertical acceleration and deceleration of a mass at different rates. Because

of its nature, this instrument is capable of measuring dynamic soil loading as

well as correlating with static load tests.

REPETITIVE STATIC AND DYNAMIC LOADING

Before the dynamic tests were undertaken, repetitive static tests were made

in order to obtain a quantitative "point of departure" into the new area. Fig.

III.3-9 shows a typical curve of such static repetitive tests. The solid curves

represent intermittent penetrations obtained in successive loading, unloading

and reloading. The dashed-line envelope corresponds to the continuous pene-

tration obtained in a single "static" test. It should be noted that in the case of

reloading the penetration begins before the force reaches the envelope. This

illustrates the well-known fact that the continuous-loading curve can be dupli-

cated by repetitive loading only ifthe loads and reloads reach the threshold of

I_. 3-64
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a complete failure in plastic flow. Otherwise, different, misleading envelopes

will be obtained, as shown by the last two loadings in Figure HI. 3-9.

7

, t_r

,....

Soilforce produced in repetitivedynamic loading can be considered as a sum

of the staticforce, as previously defined, and of the additionalforces due to

the viscosity'andacceleration of the soilmass. For this reason, the dynamic

force is expected to be larger than the staticthreshold force, as shown in Fig.

Ill.3-10. Ithas been assumed thatthe velocityand the acceleration of soilare

proportioned to those of the plate.

Accordingly,

Fs = fl(z)+ f2(z,z) + f3(z,z) (HI.3-11)

where

Fs = soilforce actingon the plate

z = penetration of the plate

--velocity of the plate

= acceleration of the plate

The firstterm in Eq. (III.3-11)representsthe staticforce;the second, force

due to lateralacceleration of soilparticlesand viscosity;and the third, the

inertiaforce of verticallyaccelerated soilparticles. With a low rate of pene-

trationwhere 7.and _ are small, Fs becomes f1(z);this is the force of repeti-

tive loading for a low penetrationrate, discussed in the preceding paragraph.

The relativesize of f2 and f3 with respect to fl depends on the soil and the way

the impact is applied to the plate. The softerthe impact the smaller are f_.

and f3"

7
[
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Fig.III. 3-9. Static Repetitive Loading of Soil
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_ CONTINUOUS, STATIC LOADING

PENETRATION z

Fig.]:II. 3-10.Dynamic Repetitive Loading of Soil

I1_. 3-66



GM DEFENSE REtEARCH LABORATORIES _) GENERAL MOTORS CORPORATION

TR64-26

7"

PROBLEMS IN DYNAMIC REPETITIVE LOADING

The dynamic test method raises the questions:

1) How large should each particular impulse be in order to reach the

threshold of the static curve?

2) Since the dynamic test produces much higher rates of penetration

than the static tests, do high velocities of the displaced soil particles

produce considerable viscous forces and inertial forces?
J

3) Is the degree of soil compaction unduly augmented by impact vibrations

so that the dynamic method produces an intolerably high change in

soil properties and, consequently, the results cannot compare with

static test results ?

4) The static method leads to a relatively simple apparatus, whereas the

dynamic method requires a new and possibly more complicated ar-

rangement of electric and mechanical devices. What configuration

...... 1..I
wvu_u give the ,_o..'4_"_ optim.m...... ?

To answer some ol these questions, ' ...... " ...... -,o a,_,,,_l,_pod to measure

directly the soil force reacting on the plate during the in;pact, shown schemat-

ically in Fig. III.3-10. This method was based on the following considerations:

As indicated in Eq. (Ill. 3-11)the dynamic force is composed of three major

forces, i.e., static force fl' the viscous force due to velocity of the plate f2'

and the force due to acceleration of the plate f3" By measuring Fs, fl' f2,

and f3' it can be shown that

fl = Fs" f2- f3 (III.3-12)

The term f2 (z, _.) is dependent on velocity. By applying a spring located be-

tween the "hammer" and the plate (Fig. IH° 3-11)velocity i may be made small

enough so that f2 is negligible• (It has been well established that velocities up

to 30 inches per second developed in static loading tests have very little elfect

on the force--penetration relationship). Acceleration _, on the other hand,
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cannot be made negligibly small, even when using the cushioning effect of the

spring. Note that f3 is a function of _.', and it is assumed to be zero when

_."= 0. F s and z can be recorded simultaneously, and the static force fl

equals F at _.'=0.
S

Referring again to Fig.NI.3-11 the soilreaction, Fs, was determined in ac*

cordance with the followingprocedure: When impacting a plate,three forces

actingon the plate can be distinguished. These are the impact force, the re-

actionforce from the soilunder the plate, and the force accelerating the plate

mass. Therefore,

F = F. - mb:
S 1 an.3-13)

where

Fi _ Amp,tot_oi-ce

m = mass of the plate, transducer and accelerometer

Z = acceleration of the plate

The reaction force Fs of soil acting on the plate was obtained by measuring

force F i by means of a piezoelectric transducer; the acceleration of the plate

_."was determined by an accelerometer (Figure Ill. 3-11).

Fig.III.3-12 shows schematic records of F i and 7." vs time. As indicated by

Eq. (III. 3-13) F s = F i when _." = 0, hence at this particular moment

1

fl = F.= Fs 1

It should be noted that, in this measurement, mass m is not critical as long

as it behaves as a rigid body in the proper frequency range. Since the ac-

curacy of the measurement depends on the relative phase shi/t of the record-

ings of Fi and _.', the mechanical and electrical responses of both the

jr
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_Fc PIEZOELECTRIC CRYSTAL

_F s l
z

SOIL

Fig. III. 3-11. Dynamic Testing Instrument

_,/ v t

Fig.III.3-12. Impact Force F. and Plate Acceleration z" vs Time
1
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transducer and accelerometer should cover the bandwidth, and the natural fre-

quency of the plate should be kept high.

ENERGY LEVEL OF DROP WEIGHT

As mentioned in the preceding paragraphs, the threshold envelope of the con-

tinuous static loading should be reached by each'_ynamic loading, that is,

F i (z) in Equation (2) should reach the threshold each time in order to retrace

the continuous static loading characteristics. If. therefore, the instrument

develops only one constant energy level, the dynamic measurement may end

at the point where the energy of the drop weight is insufficient to reach the

• threshold, and the experimenter may not realize this. Generally speaking,

the higher the energy level, the longer the dynamic experiment will follow the

static curve. This is somewhat in conflict with the requirement to keep the

energy small in order to minimize the velocity component of dynamic force

(although this may be ne_li_iblel, and tn mak_ Th_ i-str,.m!ent compac t` ._-',d

light.

To determine if the threshold is reached in dynamic repetitive measurements

without prior knowledge of the static envelope, a minimum of two energy

levels of impact have to be applied. As long as two consecutive readings

obtained at those levels coincide, the measurements pertain to the threshold

and are valid. If one of the readings starts to deviate from the other, the

energy level is too small and no useful data can be obtained.

TEST RESULTS

Dynamic and static measurements were conducted in sand and clay. The

dynamic results showed good agreement with static measurements_as illus-

trated in Figs. III. 3-13 & 3-14. Three energy levels were used in these tests.

Note that the measurements with lowest energy level drop off the static curve

much sooner than those with a higher energy level, as expected.

The measurements were performed with a light drop-weight at various energy

levels, as specified on the drawings. Forces due to velocity and acceleration

_=_
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Flg.III. 3-13. Dynamic, Repetitive Loading vs Static,
Continuous Loading. Soil: Sand
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Fig. III.3-14. Dynamic, Repetitive Loading vs Static.

Continuous Loading. Soil: Clay
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of soil were made negligible with respect to the static force by "softening" the

impact. The soil reaction was determined at the points where plate accelera-

tion was zero. Compaction of sand and clay seemed not to be different under

static and dynamic repetitive loading, thus leading to agreement between the

respective data.

A photograph of a typical oscilloscope record is shown in Figure Ill.3-15.

SOIL SHEAR STRENGTH

Although determination of the surface bearing strength is of higher priority

this time for lunar landing purposes, knowledge of lunar soil sheaa" strength

will be essential in the near future for purposes of evaluating lunar-surface

locomotion systems, construction of lunar bases, etc.

To this end, the soil cohesion c and soil angle of friction _ need to be deter-

mined. It is posslbie that gross estmlates call be oOtainecl with the presenUy

proposed SLRV configuration.

For example, ifthe vehicle were stalled, say by leaving tl_eDIBSI plates im-

bedded in the soil, then measuring the torque at the front wheels while the

wheels were spinning would give an indication of soil shear strength.

Furthermore, 0 can be estimated if the distance ! of soil rupture from the

DTP,._T n1:_fpc: :if inr'"ini_,nt general f_ilt,..o *",_,n'i_on).m_,-,,_.-I hy f_l=,.,io{,-*,_{_2i,.,_*

Ill.3-15 The distance I depends on the angle of friction _ and the plate size.

Thus, knowing t and b, e can be calculated. (8) In the discussion of vehicle

systems, the equation for shear strength is defined Since s = c + p tan O,

and s, p, and e are approximately known, c can then be calculated

THE PROPOSED SLRV INSTRUMENT

The instrument proposed for obtaining soil bearing strength data from the

SLRV is essentially a piledriver instrumented to obtain acceleration and force

data at the time of impact. In its simplest form, it would be a device that
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ACCELERATION

19000 IN/SEC 2

CM

PRESSURE ON PLATE

PSi --_
9. o c----_

2 FS/CM

AC CE LERATION

IN/SE C2 _._
19000 CIVY '

PRESSURE ON PLATE

4. 5 PSI "_
CM

Fig.III.3-15. Typical Oscillograph Record
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would permit a weight to be dropped from varying heights to impact the bear-

ing plates and force them into the soil. While this must remain the essential

character of the instrument, the lunar-gravity and vehicle considerations will

require modification of the concept. In addition, means of retracting the in-

strument from the soil and measuring its displacement relative to the vehicle

must be provided; also, it is desirable to obtain a displacement measurement

of the soil surface relative to the vehicle.

Requirements

The primary functions within the assembly are as follows:

1. Force Generator: A device that will impart kinetic energy into a

mass or hammer that will in turn expend this energy by impacting

the soil bearing plates.

2. Instrumentation Assembly: Transducers located near the bearing

plate, or pad, that will measure the forces exerted against the soil

and the acceleration of the pad.

3. Pot_::_iiometer Assembly: A dispi.',ce,ne,',i-,ne..,su."i,,g tr_,,sducer.

4. Deployment Assembly: Mechanism to retract the pad from the soil

and restore it to the stowed position.

Note: Items 1 and 2 constitute the soil mechanics instrument. Since it is

required to extrapolate the data to bearing plates of a size much greater

than can be carried on the SLRV, two assemblies will be required with

bearing plates approximately two inches and four inches in diameter.

With pad sizes determined, the maximum penetration force required can be

established, based on a model soil gradient of 8 psi/It and a required travel

of 50 cm. This value is 42 pounds for the small plate.

The energy at impact is not as readily established, and in fact, ideally should

be a variable capability of the instrument. However, the value of 40 in. -lb is

compatible with both data and vehicle requirements.
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For the purpose of this discussion, the above requirements and certain addi-

tional requirements can be tabulated and used as a basis for design:

Hammer weight

Hammer travel

Kinetic energy

Maximum force

Maximum vehicle reaction force

Maximum cycling rate

1 to 2 Ibs

14 inches min

40 in.-Ib

50 Ibs

3 Ibs

I0 cycles/minute

Force Generator

The force generator, illustrated in Fig.III.3-16 consists of a motor-driven

screw that cycles a carriage up and down. The carriage in turn picks up the

hammer at the bottom of its stroke and carries it to the top, where it is re-

leased. A constant-tension spring attached to the hammer accelerates it back

to the bottom of the force generator, where it impacts the anvil. The anvil

itsel f is spring loaded to clip the force at impact at approximately fifty pounds.

The entire assembly is contained in the hermetically sealed body of the

instrument.

)

The parameters for the design are the hammer mass, accelerating Iorce,

carriage cycling rate, and travel.

Variation of hammer weights over the range indicated have little effect on the

required accelerating force but will change the velocity at impact, as indicated

in Fig. HI. 3-17. Although a lower velocity appears more desirable from the

standpoint of performance and reliability, the substantial weight savings pos-

sible with the small hammer cannot be neglected; this will have to be evaluated

by further study and testing to establish an appropriate size.

The lead screw, aside from straightforward mechanical design considerations,

can be constructed either as a continuously rotating screw with a reversing
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CARRIAGE AND NUT

HAMMER STOP

FORCE GENERATOR

CONSTANT TENSION I

ACCELERATING SPRING

FORCE CLIPPING SPRING

FO _ _

_._ HERMETICAL-Y
SEALED CASE

MOTOR

RFI FILTER

ACCELEROMETER

INSTRUMENT

SECTION

Fig. II1.3-16. DIBSI Assembly
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lead to cycle the carriage, or can be reversed at the end of its stroke by sig-

nals from limit-switches. The latter entails additional circuitry, and there-

fore should be considered only as an alternate if mechanical reliability of a

reversing lead cannot be achieved.

The carriage cycled by the screw can use mechanical, spring-loaded catches,

that hook the hammer to the carriage at the bottom of the stroke and are auto-

matically released when the carriage is at the top of its stroke. Similarly, a

magnet mounted in the carriage can attach to the hammer at the bottom of the

stroke; near the end of the upward stroke, a stop acting against the hammer

can force separation and allow the hammer to drop.

The power drive, anvil design and other design details of the force generator

as presently conceived present no peculiar problems. The proposed design is

an improvement of a pre-protot}'pe design fabricated and tested successfully

at GM DRL. A photo of the disassembled pre-prototype instrument appears

in Fig. IIl.3-18. In this design aweighted motor drives ttseii upward Mowly

along a track, stretching a negator spring• When the motor reaches the top

of its travel, it is disengaged and is accelerated downward by the stretched

spring and gravity. Reaching the bottom of its travel, it compresses a second

prestressed spring which smoothly and rapidly decelerates the mass. The

tension of the first cocking spring limits the upward force applied to the vehi-

cle. The second prestressed spring shapes the downward test force that is

applied to the instrument case•

Other concepts, including rotating inertial devices and the track arrangement

of the original instrument have been compared and, in general, found less de-

sirable for development than the screw-type actuator. Features such as re-

verse hammering to retract the mechanism and multi-energy steps have also

been investigated and appear to unduly complicate the design. However, fur-

ther study of these features will be made during the design study and will be

incorporated if proven desirable.
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Instrument Section

The instrument (Fig. III. 3-16 consists of the soil measuring plate, force sens-

ing piezoelectric crystal, accelerometer, dynamic vibration filter, and tem-

perature measuring device.

Two plate diameters (2.25 and 4.0 inches) are being considered. The plate

must be thick enough to act as a rigid body and have high damping character-

istics so that undesirable high-frequency vibrations attenuate rapidly.

A preloaded piezoelectric crystal is used as a force sensing transducer. A

lead-zirconate-titanate type, whose Curie point is higher than 300°C, will be

used in the final instrument in order to withstand the estimated survival tem-

perature of -250°F (-156°C) to 350°F (177°C).

which consists of the plate, accelerometer, and transducer, behaves as a dy-

namic vibration absorber for undesirable vxbratioz,s of higher h'equek_cies

caused by impacts generated by the hammer. The frequency response of the

accelerometer must cover the frequency of this spring-mass vibration system.

A resistance thermometer is installed for the purpose of temperature-

calibration of the transducer.

The reference point from which the penetration starts is to be measured by

establishing the displacement of the instrument when the plate touches the soil

surface. This can be accomplished by the same piezoelectric force transducer,

except with higher amplification than for normal instrument operation. It

appears that the transducer can be made sensitive enough to sense O. 1 psi.

This pressure is sufficiently low to be a reasonably accurate soil-level refer-

ence point.
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Deployment Mechanism

The deployment mechanism has the functions of deploying the soil mechanics

instrument to the soil surface, providing a reaction path to the vehicle to take

advantage of the vehicle weight in applying an accelerating force to the ham-

mer, and retracting the instrument to the stowed position. In addition, it will

include the mechanism for measuring displacement.

The general arrangement of the mechanism to accomplish the above functions

is illustrated in Fig.IXI.3-19. It consists of a hermetically sealed container

that contains all the mechanism of the power train, a separate, sealed assem-

bly for the displacement transducer, and the rollers for support. There are

two such mechanisms, one for each instrument, mounted above the third axle.

The linear actuator for positioning the Solar Panel is mounted between the two

assemblies.

s

The power train drives a tape reel, the end of which is fastened to the bottom

of the instrument. This reel is driven through a rotary hermetic seal by a

DC gear-head motor, which also drives a rotary mechanical stop and limit-

switch assembly.

A negator spring spool is also required. The end of the spring is fastened to

the top of the instrument and this provides a constant downward force: The

n-iechaJ-tis , ........ , ................ _ ..... __.... L.-_,_ .,.._ , ..... ,^__,,^_ ^¢ ,,._|i1 lllllltb Lilt:_ upwi:lJ'd L'I_cLCLLIJII I.Jll LIIU VI_IIILL_ i,,ild_7 tl._ _ILLLI_71_I _LI. IIJII tJI, tilt

hammer, and tends to make the space relationships between the instrument

and the vehicle independent of each other except for the spring force under

dyaamic conditions. The hub for the negator, in turn, is a nut that drives a

screw to position a hermetically sealed linear potentlometer to provide a dis-

placement signal.

The problems associated with the deployment mechanism are those pertaining

to lubrication of the bearing surfaces in space, designing so that operation will

• not be impaired by dirt and contaminants carried up out of the lunar soil by the
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instrument, and achieving a 50-cm*penetration capability without unduly com-

plicating the instrument installation. The latter problem requires further

discussion.

The geometry in the stowed position readily allows stowage of a 24-inch-long

tube, and with the deployment mechanism illustrated a soil penetration of 14

to 15 inches can be achieved. The 20-inch depth-of-penetration requirement

demands that the soil instrument be 29 inches long, or have some form of

telescoping mechanism.

The ability to stow a 29-inch-long tube must be determined from detail layouts.

The alternative of a telescoping extension adds additional complexity to the

mechanism, which can be appreciated by a study of one possible means of

attaining additional penetration illustrated in Figure III. 3-20.

Associated with the soil mechanics instrument and the deployment mechanism

j)*t t t'._" t

at the top of a light-weight structure mounted on the top of the deployment

assemblies. A short-stroke, sealed linear actuator provides the force for

extending the solar panel to an angle of 45 degrees from the stowed position.

This structure also provides channels for guiding and protecting the cable to

the individual soil instrument assemblies.

Instrument Operation

The individual assemblies are maintained in the stowed position by the re-

tracting tape. Upon command, the deployment motor is reversed, lowering

one of the tubes. The tape continues to unwind from the reel even after con-

tact with the ground, until enough slack loops are available in the reel com-

partment to allow unrestrained penetration of the instrument into the soil. (In

soft soil, the force of the negator spring, along with the displacement measure-

ment, will give an initial soil-bearing-pressure reading, independent of opera-

tion. ) Once the signal from a limit-switch indicates that the retracting tape

has been completely unreeled, the signal for starting the force generator can
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be given. This continues for the time period established by system consider-

ations. A reverse-rotation signal to the deployment motor will retract the

instrument with a pull of up to 75 pounds, or to the maximum that the vehicle

design will permit.
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STEE_NG ACTUATOR

Requirements

The Surveyor Lunar Roving Vehicle is steered by turning wagon-type axles on

either end. The t3rque and operating characteristics for steering are established

by mobility requirements as follows:

1) Steering Characteristics - Both front and rear axles should be

steered simultaneously to provide good tracking. Synchronization

shall be provided at the straight-ahead position, and at increments

no greater than 10 degrees up to the maximum steering angle. The

maximum steering angle should be 30 degrees to provide a wall-to-

wall turning radius of 71.5 inches and a maximum tracking

encroachment of the center wheel of six inches.

2) Steering Drive- Nominal steering torque is based on an assumed

coefficient of friction of 0.5 when the veh_cie _s in motion. For equal

wheel loading, this results in a torque requirement per axle of 33

in. -lb., and a speed of 2 RPM.

For steering when the vehicle is stationary and wheels locked, the torque

requirement is approximately 100 in.-lb.

1 .

Resisting torque required an be calculated from impact of one wheel at

maximum speed into a wall and results in a torque of 350 in.-lb.

Additional consideration should be given to obtaining partial steering capability

in case of steering actuator failure.
1

Design Approach

The proposed design is an improvement of a design successfully tested for

many hours on the pre-prototype Surveyor Lunar Roving Vehicle.
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A photo of a disassembled steering actuator from this vehicle appears in

Fig.III.3-21. In this design the motor is mounted horizontally rather than

vertically. The motor-planetary gearbox assembly is attached to the elastic

vehicle frame and the bevel-sector gear, driven from a bevel pinion gear on

the gearbox output shaft, is attached to and drives the front or rear axle. A

micro switch assembly is used as an angle follow-up. The entire assembly is

hermetically sealed with the metal can and large bellows shown in the photo.

As a pre-prototype assembly of a lunar vehicle steering mechanism, it proved

the feasibility of one design approach and provides available hardware for

support of continuing development effort.

However, the extended mission requirement of the SLRV and the possible

desirability of redundant steering modes requires additional design effort. The

most difficult of these problems is that of centering the axle, in case of

steermg motor failure. It in,plies a requirement for ,_,'_-_.,-_,.,,,,,b"'"+"_'_'_'h'_•._ _,_tc_'_ring

motor and the release of a latch to lock the axle in the center position, as well

as to center springs. The mechanical parts to accomplish this could add .3

pounds to an assembly. In addition, the thermal problems associated with an

extended mission makes it desirable to change the design to a vertical assembly

to simplify heat dissipation and isolation from heat sensitive areas.

Other steerin_ possibilities have been considered. The use of wheel-drive

,-,,,-,+_,,-__,_,_:_t;n,, diff_rentiallv to _)ositionthe axle in conjunction with a simple

solenoid latch mechanism on the steering axle is attractive and requires

further study. The additional controls in the wheel circuit and dependence on

soil characteristics to develop steering torque vs. t_e positive control of a

separate actuator are possible drawbacks. Cross coupling between axles would

eliminate mechanisms or provide additional redundancy. Normally this could

readily be accomplished. In this case, though, the extremely flexible chassis

required for mobility and stowage makes itsomewhat difficult to accomplish.
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These design possibilities, along with the overall system requirements

thermal, weight, and reliability tradeoffs-will have to be fully evaluated to

derive an appropriate steering system for the vehicle. The GM DRL basic

Lunar Program development effort to date indicates that a direct-drive

steering actuator for each axle is the most desirable.

PROPOSED DESIGN

The proposed steering actuator design is shown in Fig. III.3-22. A small,

low speed, high torque, permanent-magnet field, d-c brush-type motor

drives a tongue attached to the vehicle frame through an ll00-to-I reduction

planetary gearbox. The steering actuator assembly is attached to the movable

axle-compartment assembly while the frame tongue, connected to the vehicle

center axle-compartment assembly, is attached directly to the gearbox output

shaft. No additional support bearings are needed, since the gearbox output

shaft is large h_ diamctcr and is mounted on twn large ball bearings. To

permit hermetic sealing of the actuator assembly the frame tongue is attached

to the gearbox output shait by means of a rugged _i!,.g-likaatructure. Two

linear bellows permit rotation ol this structure while maintaining the hermetic

seal.

The 7. 5 deg_:ee steering position switch and the plus and minus 30 degree

steering limit switch are actuated by protrusions on the rear of the frame

t ....... rintr _tructure. A film type potentiometer coupled to the bottom of the

gearbox shaft provides a true indication of axle angular position. A radio

frequency interference filter mounts directly to the top of the motor and a thin-

walled aluminum can, sealed to the bellows partition, completes the sealed

assembly. Electrical leads are brought into the sealed space through a glass-

to-metal seal header. All electrical components and an moving mechanical

parts including bearings are located within the hermetically sealed, pressurized

space.
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RFI FILTER

D.C. MOTOR

SEALING BELLOWS

PLANETARY GEARBOX

7 1/2 ° SWITCH

TONGUE

+ 30 ° LIMIT SWITCH

POTENTIOMETER

Fig. III. 3-22. Proposed Steering Actuator Configuration
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The same motor and RYI filter used in the wheel drives has been chosen for

use in the steering actuators. The motor is mounted vertically to allow

heat dissipation by means of a radiator mounted on top of the motor in the

same plane and at the same level as the other radiators in Compartment No. 1.

The use of a relatively low-speed torque motor instead of a high-speed motor

was dictated by the higher• etficiency of such motors and reduction in the number

of passes needed in the gearbox. In this small size the weight penalty, because

of motor size, is small and compensated by the smaller gearbox. The size

of the power drive is determined by the stall torque requirements of 100 in. -lb

and the running torque and speed requirement of 33 in. -lb and 2 RPM. With a

mechanical efficiency of 60 percent, motor torque required is . 8 in. -oz. at

2200 RPM and 2.7 irt. -oz. at stall. Overall efficiency of the drive would be

48 percent at the design operating point. This compares with 30 percent, using

a smaller high speed motor.

An alternate arrangement depicted in Fig. 111.3-23 as suggested by Mechmetals,

"f,_o ,,f{l_,_e t'g'O ,,,_1¢ r_nnootpc! f,ngpfhor hv cfopl hnnt'tq T.in_nr-tvnp hplln_.q

seal the motor compartment as shown in the illustration.

The reasons for hermetically sealing the actuator components and using a

d-c brush-type motor are discussed in detail under the "Waaeel Drive"

paragraph. The same philosophy applies here.
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E. CLINOMETER

INTRODUCTION

Fulfillment of the SLRV mapping mission requires a knowledge of the orientation

of the plane of the TV image, from which mapping measurements are to be

taken, relative to a known reference. In order to establish such a reference,

a two-axis clinometer is to be mounted in the vehicle compartment housing the

television camera, such that the outputs of this instrument will indicate the tilt

of the vehicle compartment along the roll and pitch axis with respect to the

lunar gravitational field. Further, as a back-up in case of TV failure, with

such an instrument aboard the surface topography may be obtained by integrating

slope along the direction of travel as a function of distance traveled.

Preliminary estimates indicate that accuracies in the order of five minutes and

thirty minutes may be needed, respectively, for TV photo-reference and topo-

graphic data. A maximum angular inmcatlon o! plus and minus 45 degrees in

both roll and pitch appears to be reasonable. To preclude inadvertent overturn

of the roving vehicle, the clinometer incorporates sensors at the 452 limit in

bgth directions.

DESIGN STUDY

General

To allow most efficient utilization of the roving vehicle, the clinometer meas-

urements must be performed while the vehicle is in motion. This dictates that

the natural frequency of the clinometer be considerably below the natural fre-

quency of the vehicle. However, to permit identification of terrain irregularities,

the response time must be sufficiently fast to follow external excitations in order

to be able to identify topographical irregularities over the motion of the vehicle.

External Excitation

One of the requirements in topographical measurement is to identify a cone,

the base of which is 700 centimeters (23.0 feet) in diameter which has a
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vertex haLf-angle of 82 °. With an assumed vehicle speed of 1.0 fps, the time

required to climb the cone is approximately

J/2
T ---V- = 12 sec

where

! = base diameter of the cone

V = vehicle velocity

T = climbing time

Thus the response of the clinometer must exceed this 12 second hall-cycle

time in order to properly follow such terrain irregularities.

Natural Frequencies of Vehicle

_" .... ,,_,,,_,,,_,,s exist '" +'_ vehicle ..... _.,...,,_,,_ modes of "';*'_+_"

puted as follows:

(i) I.x)ngitudirmiVibrations

11 ,y I2 i3 Let

a

y =

These will be corn-

distance from first axle

vertical displacement of elastic

frame

:dy

frame

a = maximum vertical displacement of elastic frame

t = length of elastic frame ,f

b = width of the frame

h = thickness of the frame

p = density of the frame

I = moment of inertia of cross-sectional area of the frame
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M

M

E

1I, 12, 13

1' M2' M3

= mass of the frame

= modulus of elasticity of the frame material

= unbalanced mass moment of inertia on axles 1, 2, 3

= mass on axles 1, 2, 3

co = natural frequency of the vibration of this mode and assume
_rX

y = asin T sin cot.

Then the maximum kinetic energy of the system is the sum of the kinetic energy

of unbalanced mass and rod, i. e.,

K = _ (Ii+ I2+ 13) b2x=0 max +2. 21 pbh_2a 2 /2, Sin_ -_ dx

0--

1 (_)2 2a2 _= _(I I +12 + I3) +pbh_

On the other hand, the maximum potential energy is

P = 2E_ I

0 \ max

By equating P = K, we have

2
co =

Substituting E = 30 x 106 psi

I = 1/12 bh 3

b = 0.062 inches

h = 1.0 inches

2 EI_ 2

(I +12 +I 3) +2-_I

fDL_Lr_tC, t_ r-r. T
] __. '
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we have

-6. 4
I = 19.85 x 10 m.

M = 0.062 x 1 x22 = 3.53x 10 -3 lbsec 2
386 in.

2
I 1 --_ 2.22 lb-in.-sec

2
12 _ 0.55 lb-in.-sec

2
13 _ 0.55 lb- in.-sec

2 2 x 30x 106x 19.85x 10 -6x 2
= = 147

2 x 3.53 x 10 .3 x 222122 3.32 + 2

(2)

= 12.1 rad/sec

f = 1.9/see

Vertical Vibration

Mass on each axle and the spring action of the ,;-heelform

,_:i}_ another mode of vibration, namely

where k = spring constant of one wheel and M i = mass on the axle.

Substituting

k = 5.0 lb/in.
2

30 lb- sec
M. = - 0.0777-
I 386 in.

_O

f = 1.8/sec

13.5 rad/sec
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(3) Torsional Vibration

The torsional spring constant of the elastic frame is

b3h 3 G

3.2(b 2 +h 2) = 37.3 lb-in.

MOTOR8 CORPORATION

TR64-26

where G = shear modulus of elasticity of the frame material = 11 x 106 psi.

The equivalent torsional spring constant due to the wheel is (tire spring con-

stant) x [ 1/2 (tread) ]2 = 980 lb-in.

2
Largest unbalanced mass moment of inertia on axle I i is I 1 = 2.22 lb-in.-sec

and the total torsional spring constant is k t = 2 x 37.3 + 980 = 1055 lb-in. Then

¢o = _t]-_ 10fi'_5 475= 21.8 rad/sec

and f = 3.5/sec

A

It seems that the lowest natural frequency of the vehicle is approximately 1.5

cycles per second.

(4) Vibration Characteristics oi Clinometer

The time required to climb the specified cone is about 12 seconds, as just

discussed, and the information sampling rate is one per second. This means

there will be 12 samplings to identify the specified cone. Since the natural

frequency of the vehicle is not exactly known, it is difficult to compute the most

preferable natural frequency and damping constant of the clinometer. However,

the most desirable natural frequency would seem to be 1/2 to 1/3, that of the

longitudinal mode of the vehicle, in order to reduce the probable error.

The general characteristics of the pendulum with external excitation can be

expressed as
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mg

m_ +cb +k0 = f(t)

where

m = mass of the pendulum

0 = small angle of swing

c = natural damping constant

k = spring constant

f(t) = external excitation

g = gravitational constant

In case of free pendulum, k becomes k = [

The solution for this differential equation yields an u,_damped natural frequency

equal to _k/m and a damping constant of c/2m. The critical damping of the

system is C c = 2 _/-m--k.

If the natural frequency of the clinometer is taken in the order of 0.4 cycles/sec,

i.e., _ = 2.5 radians/sec, and if the damping constant is determined so

that 85 percent of the transient amplitude damps out in one second, which is the

sampling time, i.e., c/2m x 1 =._6.66, or c/m = 3.8, then the ratio c/c c

will be approximately 1.3, or the system will be slightly underdamped.

PROPOSED DESIGN

Several clinometer designs have been investigated. However, one design sug-

gested by Marshall Laboratories of Torrance, Califorma, appears particularly

attractive at this time. A block diagram of this system appears in Fig.lTI.3-24.

This clinometer consists of a pendulous suspended mass, to which is fastened

a plate which forms the center plate of a dual capacitive sensor. The center

capacitor plate of the pendulum is located between two fixed plates. The con-

figuration of the center plate is such that the capacitances formed by it with

the outer plates are functions of the angular position of the pendulum with
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respect to a vehicle reference plane. Since the pendulum will always assume

an equilibrium position with the gravitational field, the capacitances of the

plates will uniquely express the angular position of the pendulum with respect

to the vehicle-borne reference plane.

The two capacitors are connected as frequency-determining components of two

oscillators. The frequency of each oscillator as a function of the pendulum's

angular position is shown in Figure III.3-25.

The outputs of the two oscillators are mixed and the frequency difference is

applied to a bistable multivibrator counting chain in order to determine fre-

quency, and thus the direction of the gravitational field with respect to the

vehicle reference plane.

Two oscillators are used in order to compensate for rate of change of frequency

with temperature.

The homsing of the c!i,',ometer is hermctically sealed ..A filled ,;*_-,_,,u w,L,, an inert

gas. The proper level of viscous damping is achieved_y controlling the space

between the clinometer and its container.

ALTERNATE DESIGNS

An interesting alternate clinometer design has been conceived at GM DRL. In

this design, a pair of concentric metal tubes forming capacitor plates are joined

to either side of a "U"-shaped glass tube to form a structure resembling a U-

tube manometer. The assembly is partially filled with a dielectric fluid such

as silicone oil and mounted in a vertical position on the vehicle. Two such

devices mounted along the pitch and roll axes of the vehicle will be used. When

tilted along the proper axis the fluid will rise in one tube, increasing the capaci-

tance of that side, and fall in the opposite tube, decreasing the capacitance.

Proper damping is easily obtained by putting a restriction in the glass tube con-

necting the two sides. The two capacitors are connected in a circuit similar

to that proposed by Marshall Laboratories. This system has the advantage of
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having no moving mechanical parts, being very rugged, and requiring no

ncagingW during lift-off,transit, lunar landing, etc.

Another clinometer scheme to be investigated utilizes two Bendix "Convectron"

tubes, mounted at 90 ° with respect to each other and connected in a DC or AC

bridge circuit. Each tube contains an electrically heated fine nickel wire under

tension, surrounded by a gas. The angle of each tube with the true horizontal

determines the amount of heat transfer from the wire by means of convection

currents in the surrounding gas, thereby determining its resistance. Extremely

small changes in roll and pitch angle can be detected in this manner, provided

suitable electronics can be designed.
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F. DEPLOYMENT SYSTEMS

REQUIREMENTS

Any system for the stowage and deployment of the Surveyor Lunar Roving

Vehicle must meet the following requirements:

(1) Payload envelope limitations for stowage and deployment as

specified in HAC Specifications No. 239503.

(2) Center of gravity constraints as given in above HAC specifi-

cations.

(3) Satisfy environmental requirements on Earth, in transit, and

on the lunar surface.

(4) Satisfy thermal requirements of negligible heat flow through

attachment points between depioym_at syatem and Sarveyor

frame.

(5) Structurally, the mounting and deployment frame has to with-

stand shock loads and vibrations as specified in HAC Spec.

No. 239503.

(6) Design of stowage and deployment mechanism should be as

independent of the Surveyor Basic Bus as practicable. Any

major modification of the Surveyor spaceframe should be

avoided.

(7) Simplicity of design and reliability of deployment.

APPROACH

A proposed method of mounting the packaged lunar roving vehicle on the

Surveyor spaceframe, that meets the specified space and center of gravity

limitations, is shown in Fig.HI. 3-26. The approximate location of the vehicle

within the payload envelope is shown in Figures III. 3-27 and III. 3-28.

' nl II I • - - i
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Fig. III.3-26. Proposed Method of Mounting
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Fig.HI. 3-27. Stowed Configuration in Allowable Space Envelope, Top View
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Fig. III. 3-28. Stowed Configuration in Allowable Space Envelope, Side View
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To fit the envelope, the vehicle is folded into a triangular shape with the

wheels deflected up to four inches on a side by means of bands which are

attached to the frame of the mounting and deployment mechanism.
J

The mounting and deployment structure design permits clamping to the

Surveyor tubular structure with no basic changes' to the Surveyor frame.

Furthermore, complicated actuating mechanisms are avoided. Deployment

from Surveyor spaceframe to the ground and vehicle unfolding are accom-

plished by means of simple, preloaded spring mechanisms and explosive pins,

leading to high reliability.

DERIVED DESIGN

The proposed mounting and deployment structure consists of an SLRV space

f!iu_.h.t support assembly which is attached to the upper and lower horizontal

Surveyor spaceframe members by a vertical-to-horizontal shear pin deploy-

merit mechanism and a fixed cantilevered lower support frame assembly

(Figure III. 3-29).

The SLRV space flight Support assembly consists of an L-shaped space frame

made up of two upright tubular sections that are gusseted and welded to the

horizontal tubular members which, with a common transverse sheet metal

angle welded to the uprights and the base members, form a triangular frame

in the x-y plane. Near the upper end of the upright members, extruded

channels with welded face sheets form the upper transverse beam which

supports the shear pin mechanism and transmits the major portion of the

35g (amplification of 8 from 4.5g) payload loading into the Surveyor space-

craft structure. At the top of the upright members, another tubular triangular

frame is attached by two coaxial hinge pins to allow placement of the SLRV

package in the frame. Additional paired back-to-back channel beams are

provided in the upper and lower horizontal triangular frames for beaming

the tie-down cable loads and the lower hinge-fitting loads into the outer

members.
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Fig. III. 3-29. Proposed Mounting and Deployment Structure
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The lower support frame consists of two pairs of back-to-back channel

extrusions welded to the lower horizontal member of the Surveyor spaceframe

and transversely interconnected by a channel extrusion in the vicinity of the

hinge pins. The male hinge fittings, located in the lower horizontal triangular

frame of the L-shaped space frame, are sandwiched between each pair of

channel extrusions through which each of the coaxial hinge pins pass. This

lower support frame serves primarily as a support for the payload during

deployment from the stowed condition, to the horizontal ready position while

on the lunar surface: however, due to the elasticity of the mounting L-shaped

space-frame structure and its mechanical tie to this member, additional

loading is induced during the +35g Earth launch period. The design of this

entire package is based on compatible deformations with L-shaped space
f

frame at this hinge attachment, using elastic energy theory to establish

loadings on the structure. For the +35 g condition, aluminum alloy bearing

blocks are used to transmit the major portion of the load into the lower

horizontal member of the Surveyor structure. The remaining portion oi the

'-"'_ : ...... ;"_ u,_,_ugh the ........... '-_...... inh) the same L.... ,_°.,t,._u 1_ _ .,n_llll_,._:d ,L ..... ioweF _upl_Ji t ,,,t,F,,- _,u, ,,.u,,t,_l

member; resultin_ torsion is due to the load transfer from the pin. Over-

turning moments are reacted as couple loads by the lower _ld upper hinge

pins. For the -35g load condition, the load is transferred into the Surveyor

spaceframe structure in a similar manner except that the upper hinge pin

transfers the major portion of the payload, since the bearing blocks are

ineffective in this load condition.

d

triangular frames which mate into each of the SLRV wheel hubs during

stowage for space flight. A 3/16 inch diameter 3 x 19 corrosion resistant

steel cable, with one end connected to an explosive separation device and the

other end to a retrieving reel mechanism, is provided to hold the SLRV

package in place.

In order that deployment of the SLRV from the stowed to the horizontal

position takes place after release of the upper hinge pins, a spring with a

I
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hinged link is provided. The spring, which is in tension with the package m

the stowed position, provides a net force on the base of the space flight support

assembly, causing it to rotate to the position where the CG of the SLRV is out-

board of the lower hinge line. At this point, gravity on the lunar surface pulls

the package through the remaining angle of travel to the horizontal position.

During this operation, the hinged link, which is attached to the lower horizontal

member of the Surveyor space craft structure and to the after-transverse

member of the lower-horizontal triangular frame of the L-shaped space frame

at its extremities, unfolds and becomes a straight tension link allowing the

package to lock in the horizontal position. The spring, after having moved

the package to the position @here gravity takes over, now acts to retard

rotation such that the shock force is minimized when the package reaches the

horizontal position.

Polyurethane lightweight foam-molded blocks will probably be used to separate

:__ _.c ..... .3

and restrain movement of the compartments while the payload is _. _tuwvu

position as shown in Fig.III. 3-30, Springs will probably be used as needed,

in the wheel hub areas and in the plastic blocks, to assure positive separation

of the SLRV from the mounting and support structure.

All sheet metal and structural shapes used in this design are made of 2014

aluminum alloy. To optimize the strength-to-weight ratios, all tubular

sections are made of paired 2014 aluminum alloy channel extrusions with legs

machine tapered and welded ead-to-e.d to _orm tapered i=ectang-tilar .u.uw........

tubes. Hinge pins are made of 3140 steel, or equivalent. All areas which

appear to have metal-to-metal contact and require movement of parts in space,

will be coated with a suitable plasticizer, to prevent vacuum welding between

moving surfaces.

The design presented herein is evolved from preliminary considerations

based on assumed loadings and adequate kinematics of deployment. The load

distribution on this type of structure is redundant and depends on the stiffness

of the Surveyor sp_ceframe structure and the space-flight support assembly.
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G. ANTENNA-STADIA MASTS

REQUIREMENTS

Communications requirements associated with extended vehicle travel from

Surveyor emphasize interest in extensible masts. One important application

is a turnstile antenna mast (approximately ten meters in length) for mounting

on the Surveyor spacecraft. Another is the combination stadia-turnstile

antenna mast (approximately three meters in length) for use on the roving

vehicle. Both must be lightweight, stowed in a small volume prior to

deployment, and extended upon electrical command; and both must be able

to tolerate the lunar environment. The vehicle stadia-antenna mast must,

in addition, withstand the dynamic forces imparted to it by motion of the

vehicle.

Several schemes for implementing the above requirements have been con-

sidered. These include using coiled flat springs to raise a plastic structure,

using a compressed helical spring for the same purpose, extending a plastic

tubular structure by use of a foaming plastic, etc. The only principle found

so far which meets all the requirements is that of inflating a thin plastic or

plastic-metal foil laminated structure b_gas pressurization. The resulting

structure is rigidized by chemical or mechanical meal,s to pi-event --" ....

due to inherent long-term leakage or possible micrometeorite puncturing.

Such a scheme has been proposed by the G. T. Schjeldahl Co. of Northfield,

Minnesota, a recognized widely experienced leader in this field. Proposed

mast configurations are illustrated in Fig.Ill. 3-31. A photo of an ex-

perimental inflatable stadia-antenna mast appears as Figure Ill. 3-32.

~ .
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Fig. 111.3-32. Preprototype Stadia Mast  
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MATERIALS STUDY

Rigidity Requirements

"l'ne material required for the roving vehicle antenna and the Surveyor

antenna must have a combination of properties that will permit:

• Compact folding and packing

$ Sufficient rigidity to support the structural weight under the

imposed dynamic and static loads

• Ability to withstand the effects of the lunar environment for 90 days.

The requirement for rigidity at high and low temperatures will necessitate

that heat distortion properties of resin systems be upgraded to withstand the

intense heat of the lunar day. The systems to be used, however, must be

capable of cure in shadow so that a heat distribution mechanism and/or a

low temperature cure system must be provided. It is also highly important

that the resin sy_tc-_'ns do not pas_ through brittle phases when subjected to

' ' *" Heat tr._3 _f(.v must be achieved bv radiation,• _" dL"_p ,_t,iri ,,f i|ii: iuii&I" i',t_.,,t.

because the p:ese_ice of metal for heat conduction would increase weight and

possibly affect the properties oi the a:_,tc,:l::ae.

Materials which would be considered for the ma st application are a composite

of aluminum foil and Mylar, filler materials dispersed in a resin system,

triallyl cyanurate used with an inert polymer or a copolymerizing polyester,

resorcinols activated by water release, polystyrene used with a cross-linking

agent and a fugitive plasticizer whose release from a plastic system'will

per mit rigidization.

Metal Foil-.Mylar

The foil-Mylar laminate proposed consists of a three-layer "sandwich" of

aluminum-Mylar-aluminum and will be used for the vertical boom of the

fixed and roving antennae. Such a three-layer material becomes rigidized

by applying an excessive internal pressure which yields the aluminum and

has a rigidizing effect on the system.

" ; ..... ; " _ d i ..... _ t

11I. 3-117



GM DI[FENSE

TR64-26

RESEARCH

i. ml L _- - ',

LABORATORIES _) GENERAL M_TORI CORPORATION

P oly__yrcne with Cross-Linking Agent

The crossarms, having a portion of their surface electrically transparent

and thus precluding the use of metal foil in some areas, could be rigidized with

a resin system such as a cross*liakedpolystyrene/organic solvent system.

Possible cross-linking agents which couldbe used are divinyl benzene, ethylene

dimethacrylate and triallyl cyanurate: each of these would have the effect of

improving the temperature resistance of the rigidized structure. When the solvent

is driven off, the polystrene is expanded to many tirades its original volume and

forms a very hard and rigid foam.

The polystyrene system is a typical one-component system is which the components

are already mixed. Such systems are normally activated by application of heat, UV

radiation, vacuum or other external sources to initiate the reaction. In the lunar

surface environment, the vacuum could be depended upon for volatilizing the solvent

in the plastic system. Also, since inflation would take place during the lunar day,

b-v-radiation and heat would contribute to rigidizing the plastic.

Filler Dispersed in Resin

If foam techniques are not feasible, Micro-balloon spheres (Union Carbide

balloon spheres of cured phenolic resin) or hollow ceramic spheres available

from Ferro Corporation could be used as fillers in several resin systems.

Other promising fillers would include calcined clays, aluminum oxides, milled

glass fibers and cellulose fibers. These materials would reduce shrinkage,

improve strength and in some cases improve the temperature resistance.

Fugitive Plasticizers

Rigidizing systems can also be approached by use of a fugitive plasticizer

whose release wt_uld cause a resin system to harden. Water in gelatin, or

water glass, as well as organic solvents in various plastic systems are

examples. One extension of this, which has been observed, is associated

with exposure of Mylar to methylene chloride. It is possible that this might

be used as a rigidizing system. Mylar used to form a honeycomb sandwich

would have high rigidity.
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Resorcinols

Phenolic systems, in general, are highly heat resistant but not generally

applicable for low pressure use because of void formation. Their resorcinol

cousins, however, are very responsive to acid catalysis and commercial

materials curing with the addition of water. Such systems, with a plasticizer,

could be activated and rigidized by release of water on arrival at the de-

ployment site.

Triallyl Cyanurate

To achieve high temperature resistance, a system of potential promise would

be based on triallyl cyanurate in combination with an inert polymer or a

copolymerizing polyester. While such systems react somewhat slowly, much

of the past experience has been directed toward high temperature, complete

cure reactions. Vibrin No. 136 has shown excellent properties and a great

deal of experience has been accumulated in its use. it _s clear in appearance

and has a 500 ° F temperature capability• While allyl polymerization systems

are generally slow, redox polymerization systems may be expected to reduce

the time or temperature required.

Column tests would be conducted on 1//4 or 1/'5 scale model columns using the

various materials selected for study. Column testing was done extensively

on the Advanced Material Development Study conducted for NASA/Goddard

using very thin laminates of plastic and aluminum and this experience can

contribute appreciably to this program.

In addition, samples of rigidized materials would be tested to determine

their stiffness by laying a Strip between two supporting surfaces and meas-

uring the load-deflection characteristics.

.W
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90-Day Useful Life

Useful life of the antenna material would be determined by conducting

accelerated life tests in a 14 x 28 inch space chamber with a vacuum

capability of 10°9 torr. A simulated solar source (carbon arc) which

duplicates the sun's monochromatic wavelength distribution and has

variable intensity from zero to two sun power; an Instron Integrator to

determine changes in strength over a temperature range of -80 to + 300 C

a Mettler Gram-atic balance to determine weight loss; and a spectrometer

covering the UV, visible and IR Spectra to determine changes in optical

and thermal properties, particularly solar absorptivity and reflectivity are

also used.

Accelerated life tests can be run for a period of approximately three weeks

at greater-than-normal sun power in the vacuum chamber. The samples

would be removed and tested to determine any changes in physical, electrical,

optical and thermal properties. C-nanges would then be mcurpo_ated as

necessary to give assurance that the material complies with the specification

requirements.

Feed Line Fabrication

The feed line will consist of a conductor-dielectric composite in strip form

and will be laminated from two basic materials. Experience with Schjelclad

Flexible Electrical Lamina tes shows that minor dimensional modification of

an existing product will provide an item to meet the feed-line require ments.

The conductor suggested for this application is copper; the dielectric is

of Mylar or other materials found suitable from the accelerated life test.

Sample strips of feed line will be tested electrically after the accelerated

life test. Feed line impedance will be determined by standard methods,

measuring both open-circuit and short-circuit impedance and calculating

actual impedance.
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DESIGN STUDY A

The design study would in its initial stage, provide an analytical investigation

of the various physical, electrical, optical and thermal properties of the

antenna system components to provide backup data for the ensuing design

effort and testing program.

Turnstile

The antenna turnstile we uld be designed generally in accordance with

Fig. IN. 3-31 previously shown. The turnstile would consist of two inter-

secting inflatable Mylar cylinders approximately two inches in diameter and

80 inches long. They would intersect at right angles, would be electrically

insulated from each other at the juncture, and would have a metal foil

conductor strip extending out ten inches on the top and bottom of each

cylinder which _s ctnmected to fo_'m a closed c_rcuit.

Rigidization of the turnstile or cro_sar,-ns would be acco.'uplishcd by use of

the system which is determined t9 have the best all-around quaiii_cations as

a result of the material study.

Mast

The antent_a masts for the roving and stationary systems would be rigidized

after initial inflation using the best qualified technique developed during

the material study.

Basic mast construction for the 104-inch high roving vehicle antenna could

employ, as one possibility, a laminate of Mylar and Dacron cloth. The Mylar

would serve as a gas barrier during inilation and the Dacron would contain

the rigidizing chemicals. The 40-foot high fixed antenna mast would be

fabricated of Mylar and helicallywound with a tape of aluminum Mylar or

Dacron-Mylar laminate. The tape would provide a high degree of stiffness

to prevent the tall mast from collapsing until the chemical rigidizing system

cured.
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Base and Canister

The base and canister would be designed as an integral unit. The base would

have a rigid cylindrical section on its upper surface to permit attachment of

the inflatable structure. Attachment of the mast to the base would be effected •

using GT-201 Polyester Thermosetting Adhesive which has been space-proven

during the nearly three year orbital life of the Echo I Satellite. The base

would be designed to provide the simplest mechanical and electrical attach-

ment procedures consistent with design requirements and would be fabricated

of metal (aluminum or similar lightweight metal) or a machined or molded

plastic (phenolic or fiberglass).

The cannister material would be similar to the base material (either light-

weight metal or rigid plastic) and would be fabricated of two or more basic

elements which could be separated by electrical signal actuating a mechanical

retraction or pyrotechnic device. The canister volume would be determined

using the sum of the volumes oi the inflation system and the inflatable

structure. The inflatable structure packing volume would be determined, for

preliminary design purposes, by taking the *_".... *'_' ........_,A_v, _Lii.,t, l_at_* [aJ. volume and

applying a i)acking factor of approximately six to eight, which is based on

experience with similar shapes.

Inflation System

The lunar antennae inflation system must be capable of internally pressurizing

the mast and crossarms during the temperature extremes encountered on the

moon's surface. This would be accomplished ug_ng an inflatant powder or

liquid. The inflatant would be chosen on the basis of extensive experience

and documentation of test data, when more specific operating temperatures

have been dictated and the material weight established. Once the material

weight is established, the internal pressure required to support the static

weight could be calculated and the inflatantwith the required vapor pressure-

temperature characteristics selected.

J
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Acetamid, a sublimatiffg powder, has proven ver) o_,ccessiui In space

ilfflation of large passive communications satellites. Sublimating solids

offer the advantage that they produce a given volume of gas with less pack-

ing space than a compress gas or contained liqued and have high reliability

as inflatants.

Feed Line

The transmission lir<e will be constructed of a composite of plastic-metal foil

conductor. Information solicited from a manufacturer who has extensive

experience in the manufacture of etched and laminated copper-plastic conductor

strip material indicates that the 293 ohm line could be provided using a laminate

of copper with H-film, polypropylene or Mylar. The dielectric material will

be selected on the basis of its electrical insulation properties and ability to

resist degradation effects of the lunar environment-micrometeorite impact,

abrasion due to blowing and dust. and chemical decomposition due to radiation

energy.

The initial cross-sectional dimensions of the transmission line can be deter-

mined using the following equation:

_ 276 log 2D
Zo (E)172 "if--

where

Z ° = characteristic impedance of line

E = effective dielectric constant of medium surrounding conductors

D = center-to-center distance between conductors

d = effective dianleter of each conductor

Existing samples of twin conductors embedded in plastic would be tested and

the final dimensions of the feed line would depend on laboratory tests which

prove out the 293 ohm characteristic impedance.

III. 3-123

zTS



r °

,ii

APPEi,IDIXIV
I_!ODELS



GM DEFENSE RESEARCH LABORATORIES

APPENDIXIV

MODELS

A. SCALE MODEL RULES FOR LUNAR VEHICLES

SYMBOLS

_ ,r--'_'-'_
e = _'E/P A = area

velocity of sound;
also cohesion Ca = Cauchy number

E = Young's modulusf = deflection of a beam

g = gravitational acceleration (E) = fictive Young's modulus

F = Force
,_ = characteristic length

m = mass F e = elastic force

F = gravitation force
=

m r reduced mass g
F. = inertial force

v = characteristic velocity l

b = width Fr = Froude number

G = ni_duius ..t _:.,:_'_.,'-JX • *_*_*•j¢k = modulus of deformation
c

P = p:mA/er
k_ = modulus of deformation

p = pressure Re = Reynolds number

W = weight
- = penetration depth

W = reduced weight
r

F = cohesion force
C

F¢_ = friction force

Fkc =

Fk_ =

rl = viscosity

= Poisson's ratio

p = mass density

Zl = lunar vehicle on the moon

= model on earth

V = shear stress

_o = angle of internal friction

Y = specific weight

S =

q

N_ =

N =
C

QD =

force of vertical penetration

pure numbers depending on q_

bearing capacity

d

I]2.4-1
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INTRODUCTION

If external forces act upon a vehicle moving on an elastic terrain, three forces

chiefly determine the movements of the vehicle, regardless of whether it

operates on the earth or on the moon:

Gravitation(weigh0 forces

Inertia(mass)forces

Elastic (spring)forces

F
g

F.

l

F
e

Ifthe terrain is not elastic,but softlikesand or clay, some extra forces axe

involved and the feasibilityof scale model tests is questionable. Hence, we

confine the followingconsiderations to hard, elasticground.

/

The performance of an earth vehicle is similar to thatof a lunax vehicle, ff

the scale factors of forces are equal.

F A F O

g g

F. A F. •
l l

"W'_ -- F"g"T
e e

where

A denotes the lunar vehicle operating on the moon, and

Q denotes the model of the lunar vehicle operating on tl_eearth.

Ill.4-2

Further, the form of the two vehicles and the terrain surfaces (obstacles,

unevenness) have to be similar, as shown in Fig. Ill.4-1.

,_i A 4 ,_3A

" I">} '[
_ Ij- L.

HI. 4-3

or in..general,_ : constant

_-e where ,_Ais a characteristiclength of the moon vehicle,

and ,_@is the pertinentcharacteristiclength of the earth

e____,, vehicle.

l. " Figure Ill.4-1

Ill.4-9-
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y--

,.---

e--

Equ. HI. 4-1 leads to the Froude number:.
U

Fr =

Hence Fr A' : Fr D

A2 *2
or 1/

=

d

III.4-4

Equ. ILI.4-2 leads to the Cauchy number:

Hence

or

Ca =

Ca/_ = Ca 6

uA 2 ve z-

z'-T'-p"--z'-V_-"
HI. 4-5

wherein _ is a characteristic velocity, g is the gravitational acceleration, E is

Young's modulus and p is the mass density.

By combining Equ.lTI.4-4 and-5, we obtain:

._.Ag_ E A 0 •

_®g* : E--T_

The gravitational acceleration on the moon is 1/6 that of the earth.

g = 6 g

Therefore:

_ 6 E _ @
In. 4-6

This equation demonstrates thatthe scale factorof length is a functionof the

physical properties of the vehicle materials.

PERFECT SIMILARITY BETWEEN THE MOON VEHICLE AND THE EARTH

MODEL ON HARD GROUND

H the materials of the lunar vehicle and its model are the same, Equation IT[. 4-6

takes the form:
= 6

r,
III. 4-3



GM DEFENSE RESEARCH LABORATORIES _) GENERAl. MOTORS CORPORATION

TR64-26

Thus, the length of the model is 1/6 that of the lunar vehicle. The velocity of

this vehicle is determined by Equation III. 4-5.

A
-- 1

The weight of a vehicle which i_ 1/6th the size is only (1/6) 3 of the weight of

the full-scale vehicle (both on earth or moon). If, for instance, the weight of

the lunar vehicle is 75 lbs on earth, the weight of the model would be only 0. 347

lbs. It might be difficult to build such a light, serf-propelled vehicle. Therefore,

one may look for another material which provides a higher scale factor of length.

The formula for the velocity of sound = c='_p. Therefore, we obtain:

:6

Table III. 4-1 contains the values of c for several materials, and III. 4-2 contains

the model values derived from Equ. U.i. 4-4 and -5. i/the materlM of the moon

a_.LUA Va J._..L_;.AI I_ oCen Lv be b.aT-_:J|i,,_,-_

The model made of beryllium is nearly the same size as the moon vehicle; how-

ever, its velocity has to be 2.6 times higher than the velocity of the moon

vehicle, and its acceleration has to be divided by 6 and its force by 14. 8 to

obtain the corresponding acceleration and power of the moon vehicle performing

similar maneuvers. The frequencies of the model are 2.3 times higher than the

frequencies of the moon vehicle.

%_ ei_o-J,4,,,_t,_a ,,_f h_,::lli,,m iS__h_alti_a th_ t41ffirHIti_ nf mat_hlnln_ .......

Poisson's ratio. This is "bet = 0.03 compared with .alum = 0.3. Since the

coefficient of rigidity is: E

G = 2(1 +.)

the elastic deformations of the model and o_the moon vehicle are similar only
A

in the case of ,_ Therefore, the deformation of the beryllium model

caused by shear stresses is not similar to the shear deformation of the moon

vehicle, which may complicate the evaluation of model tests.

HI. 4-4
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Material

S ilver

Columbium

Copper

Vanadium

Aluminum

• I t_LZAAUt ALl

Glass

Molybdenum

Chromium

Silicon

Beryllium

Velocity of Sound
C

(m/s)

2690

3470

3570

4750

5060

5600

5820

5870

6880

13100

C

Calu

c•

c-3

• 53

• 69

.70

• 94

1. O0

!, O0

1.11

1.15

1.16

1.36

2.59

I

1:21.3

1:12• 6

1:12.3

1:6.8

1:6.0

1:6.0

1:4•9

1:4.5

1:4.5

1:3.2

1:0.95

TABLE III. 4-1• VELOCITY OF SOUND AND SCALE FACTOR

OF LENGTH OF SEVERAL MATERIALS

(Material of the moon vehicle: aluminum)

t

Ill. 4-5
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0
0 0

[..,

0

,..]

[.fl

0

I

o ;

III. 4-6
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Other materials such as steel or chromium are not advantageous compared with

aluminum, as Table III. 4-2 shows. Therefore, the concept of complete similarity is

satisfied only i_ the scale factor of the length is about 1:6.

IMPERFECT SIMILARITY BETWEEN THE MOON VEHICLE AND THE EARTH

MODEL ON HARD GROUND

The similarity is imperfect if one or more of the conditions (Equations III. 4-1, 2

or 3) are violated. The violation of the model rule is often connected with a

geometrical distortion of the model• However, it is often useful to do this in

order to obtain the answer to particular questions.

Distortion Due to a Fictive Weight of the Model

It is easy to deduct that

W_ P_ _ _(v-_o

2

r_

is a special form of the Froude number, where W is the weight. By replacing

the ratio A EA/ h (Equation HI. 4-5) one obtains:
..Jz...._ by EO:/ P,_ • pO

W_ E A [_'_2 III. 4-7

If the materials of the two vehicles are the same, one can write:

w

In case of perfect similarity, we obtain:

='g •

w [
Therefore, the term W in -_-e = \._o]

the equation takes the Iorm

4

III. 4-8

has to be a reduced weight W r. Hence:

III. 4- 9

III. 4-7
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From Equ. III.4-8 and -9 one obtains the reduced weight

w • w ® _"

6 ._e HI. 4-10

Fig. HI.4-2 illustrates this formula. In the case of _ _
_= 6, no weight reducing

is needed, as shown previously, and

0 1 2 3 4 5 6

_e

Figure III. 4-2

Lever

w_,

O)

one obtains a free-roving model. The

weight of the model can be changed

greatly by suspending the model on

quasi-elastic springs (Figure III. 4-3). The

transmission of the levers is variable,

such that the force of relief WI-W _b
r

is independent of the vertical displace-

ment of the model. The levers and the

_prings are practically without mas__

Figure HI. 4-4 shows how the velocity of the

model depends on the scale factor of

length (Equation ill. 4-4).

.

Y I I I ! I !

0 1 2 3 4 5 6

l®
Figure IH. 4-4

Figure HI. 4-3

III. 4-8
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To conduct tests with a suspended vehicle is advantageous because the scale

factor of length can be greater than 1/6. However, there are some other aspects

of the problem.

• The vehicle cannot move horizontally, therefore
the terrain has to be moved by means of a belt
or similar device. Hence, it is difficult to simulate
steering effects.

• Every mass of the vehicle has to be suspended in
its center of gravity. This is very difficult if not
impossible to achieve if the assembly is compli-
cated (antenna, instruments, battery)i in fact, the
model can only be suspended in a few points.

• The experimental set-up becomes very large if a big
model is investigated on a very rough terrain.

• Elastic forces and inertial forces have to be

carefully avoided in the suspension.

r

Distortion Due to a Fictive Young's Modulus

D .......... V2t" rH A__ the _,,ale ratio of len_h depends on the physical pro-

pertie$ of the material

H the materials of the moon vehicle and the model are the same, one can

distort the model to such a degree that a ftcttve Young's modulus (E_) can be

calculated for every j_A .:
_,

A E _" where _ o
-- = 6 P = "_

For example, it is assumed that a tube-shaped beam (elastic frame) would be

replaced by another spring of the same material with the same cross-sectional

area and the same length, but with a greater (fictive) Young's modulus. Fig. llI. 4-

5 shows the cross sections of the beams. If the beams are bent by a Force F,

their spring constants are

--_o ~ EIo and-]_-_++ ~ E I._.

L._

1TI. 4-9
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Figure III. 4-5

where f is the deflection and I is the

moment of inertia.

Suppose the second beam is a tube-

shaped beam like the first, but is of

another material with a different (flctive)

Young's modulus (E). Then,

~ (E)I°

Then, by combining the last equations, one obtains

(E) : E I.._

I o

If .*.he material of the moon vehicle and the model are equal (E A= EOand pA= _)

Eq'aation HI. 4-6 takes the form
i

._A E A _A o
--=6 or = 6

2 ® E"I__.+ .[ _ 14_
I
0

In order to guarantee the similarity of performance, the distortion of the

elastic parts of the model is a matter of careful calculations, depending on

the distribution of tensile and shearing stresses.

L./LLJbVa bLV*4 _ _ _ ............

In terms of mechanics, the vehicle consists of springs and masses. The springs

(elastic frame) have some mass and the masses have some elasticity. However,

it might be possible to neglect the weight of the springs and the elasticity of

masses. In this case Equation IH. 4-6 takes t]_e form:

Deduction:

A _/1 m _' E o= __6 m.4-n

It is F e A F e •

g g

IH. 4-10
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Further, F
e

F
g

~_2E

mg)where m is the mass of the vehicle

Eqt_.ILI.4-11 was obtained by combining these formulas.

If E 6 = E _ one obtains:

m& ___2m--'-o= 6
I1"I. 4-12

In the case of perfect similarity one would obtain:

m® -- \
III. 4-13

Therefore, the mass m in Equ. 111.4-12 is not equal to the mass m in Equ. HI. 4-

13. Hence, m in Equ.III.4-12 is a reduced mass m
r

m_ ' - _-'2
= 6 _ III. 4-14

r _ ,4. /

By combining Equ. III.4-13 and -14 one obtains:

mr® 1 .j) A III. 4-15

m--'--_ = 6 ._

If _ = 6, no mass reduction is needed as shown before. If _ = 1,

all masses of the model have to be reduced to 1/6. Fig. III. 4-6 illustrates equ,IIIA-

15.

..=m=

m@

0 1 2 3 4

I I

5 6

Figure M. 4-6

This conception gives free choice of the

scale factor of length. Besides Equ. HI. 4-

15, the condition of Equ.III.4-4 has to

be fulfilled:

Table III. 4-3 contains all model rules of perfect and imperfect similarity.

III. 4-4 gives some illustrations for this rule.

Table

M.4-11
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Perfect Similarity

m _ •

W • _6 r,,.
W _ m,_

F @ •
_---6 mm_

p@ F 0 _0

Imperfect Similarity

Moon vehicle and model are of the same material

Weight Reduction Mass Reduction

mr:

mr 1

i

Fictive Young's
Modulus

W o
r _A m •

v4_

TABLE EI.4-3. MODEL RULES OF PERFECT

AND IMPERFECT SIMILARITY.

(W • and m O axe weights and masses of the perfect model. )

_= as perfect similaritySame for

SIS.4-12

• ... - _ _ _
lllr,

_, , • VT _' -_.-+."'_T- _r _
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TABLE III. 4-4. SOME EXAMPLES ILLUSTRATING THE MODEL RULES

Lunar roving vehicle on the moon

_atertal:

•.-- _// aluminum

Perfect

Similarity

Model on earth

Material: aluminum

//Material//beryllium

1.12

1/8 1/4

III. 4-13



GM

/

GENERAL MOTORS CORPORATION

INFLUENCE OF DAMPING FORCES

If we presume that the friction of damping devices (shock absorbers, plastic

members) is proportional to the velocity of deformation and ff the magnitude

of these damping forces is high, the Reynolds number has to be considered.

Re =

where W is the viscosity

Therefore pAv_ = peve_$

Hence v.._.__b.__:_/_._

@
and itis also _ _ p

_ = _--_

j2_¸

Ill.4-16

III. 4-17

i_he scale ,_'......_r of leivgtJ_ is determined by one ol the equations in Table IV,

PERFECT SIMILARITY ON SOFT SOIL

The interaction on earth between a vehicle and soft soil can be described sat-

isfactorily in terms of Coulomb's equation r = c + p tan _ and Bekker's

/ k n
equation r = "b + z

M.G. Bekker of GM DRL_}}has shown how these two equations fu_rnisha bas!$

for the calculationof sinkage, rollingresistance and thrustof a tracked or

wheeled vehicle on a variety of differentsoils.The agreement between cal-

culation and experiment is generally good.

The properties of moon soilare unknown. However, we may expect thatthe two

equations are applicableon earth as welt as on the moon; namely, the soilpro-

perties can be measured in terms ofcohesion c, angle of internalfriction_ and

moduli kc and k . Therefore, itis feasibleto deduce model rules from these

two equations.

L

III. 4-14
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Coulomb's equation expresses the resistance of a soil against horizontal

shearing (c )F s = A + p tan HI, 4-18

where A is the shear area and p is the vertical pressure.

J

This shear resistance can be divided into two parts

F = Ac and F =Aptan
C e_

The pressure p is caused by the weight of the vehicle

m g

p=
A

Therefore, the second force is represented by

F = mgtan_-_3 pg tan

and the first force is represented by

Fc~_2 c

where ,_ is a characteristic height of the vehicle.

HI, 4-18

III. 4--20

Bekker's equation represents the resistance of soil against vertical penetration.

(÷Fp =A + k z HI.4-21

From this we obtain two forces:
k

C

Fkc = A
n

z

n

and Fk_ ffi A k z

It has been shown elsewhere (8)that1? may vary considerably from 1 without

changing the similarity greatly. Therefore, one can simplify the last two terms

,,. j_ 2 III. 4-22
Fkc k c

Fk _ ~ .,_3 k III. 4-23cp

III. 4-15
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In order to derive the model rules which govern the performance of a vehicle on

soft ground, one has to combine the gravitational force, the elastic force and

the inertial force of the vehicle and the four soil forces:

Gravitational forcef
{ Elastic forceVehicle

t
Inertial force

F rE j_2

e 4
±

Fi_P "-'2-'-
t

HI. 4-24

HI. 4-25

HI. 4-26

Soil {Shear force

Penetration force

F _c _2
C

F .t3_~p gtan_

i kc ~ kc _2
Fkw ~ k L 3

III. 4-20

III. 4-19

III. 4-22

IH. 4-23

One obtains 6 dimensionless numbers. "i_necon,binations are _-_-_.t.--a:vhut

they have to fulfill the requirement that each force can be combined with each

other force.

F F
_- Pg ___L = _

IcF'q) k F Ee

F 1
F c

--£-= ._£_
F tan _ =
_0 Fkc kc

t2 g _ Fc_Fg= g _ _ E
k

Fi ._ v Fkc c

The performances of the moon vehicle'Cand the model on earth are similar ff

F_ F e

F-_k_ = -_ and so onFk_

III. 4-16
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/

Therefore

cpA: _o O

v re2

_..p.._ 6PO_ _b
E A : E_"

c _ c Q
k'E"2_ = kO

C C

E A E _

kA kO
C C

As obtained above,

Hence

perfect similarityispossible only if

2.A= 6£ °
EA= E 0

(See Equation III.4-6)
pA= pO

k ® = 6k _'

k@ = k A
C C

CO= C,_

Ifthe model moves with the same velocityas the moon vehicle, the measured

sinkages, forces and powers can be referred to a moon soilwith the same c,

and kc, but with a module k which is six times smaller than the module on

earth.

This result corresponds with the formula for bearing capacity (general and

local shear failure)as formulated by Terzaghi (6)and others. The bearing

capacity of a soilwithout cohesion can be calculatedfrom

QD = 2_ b2 ,_ N_, Ill.4-24

where _,is the specificweight of the soil,the width of the footingis 2b,._

is the lengthof the (rectangular)footing,and N is a sollparameter de-

pending on the angle of internalfriction_. Ifthe sollon the moon has no

ITI. 4-17



cohesion, the bearing capacity is 6 times smaller than on earth, according

to the above formula, because the specific weight tssu¢ times smaller. (7)

If the moon venicle is six times larger than the earth vehicle, it is

b O ._e y_. i A 8

= ._ = _,'-'Q =-'-6"- and ( provided that N-- = N )

This relationship between bearing capacities is the same in the case of cohesive

soil. According to Terzaghi, it is

QD = 2b._c N c ITI. 4-25

where N is a soil parameter depending on the angle of internal friction _.
C

• he I_ e I c®Hence, if N @ N _" and _ = "- = ai_d : = c

QD_ I

Q_ 36

If one compares any other forces, the same figure is obtained. The comparison

of the el_st|c forces provides

F ®
e ._02 E O 1

_, _A2 "k-'a- --__e

or of the force Fkv

F _ k e

J

with E e= E A

_-_ _th ek _,

.e

HI. 4-18
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HOW TO PERFORM MODEL TESTING

There are two exact solutions of the problem of testing models:

• To conduct experiments with the full-size moon
vehicle in an aircraft flying a 1/6 g trajectory

A

• To conduct experiments on earth with a model
similar to the full-scale vehicle, but 1/6 its size.

In both cases one obtains a true picture of the performance of the moon vehicle

by measuring velocities, accelerations, powers and forces, and by applying the

pertinent model rules. Yet both arrangements have disadvantages. In the first

case, the status of low gravity can be maintained at best less than one minute,

a time too short for most experiments. In the second case, the small size of

the model may degrade the accuracy of the measurement.

Therefore, it is desirable to have a model

• which can move i0 minutes or longer without

interruption (for instance, climbing a steep

hillof varying slopes)

• whose size is large enough to install motors,

gears, pick-ups, antennas, etc.

This can be obtained by applying the laws of imperfect similarity as discussed

above. The method of weight reduction is incomplete, because the model is not

seLf-propelled and cannot be steered. The method of spring distortion is restricted

to movement with special distributions of tensile and shearing stresses. The

method of mass reduction works satisfactorily only ifthe masses are not elastic

and the springs have negligible masses.

be the most promising.

Figure Ill.4- 7

b b b

bQJ bO / bc_

}d
a. masses of payload c. springs of

elastic frame

However, the latter conception seems to

Fig. III.4-7 shows how to replace an elastic

frame vehicle with a system of unelastic

masses and massless springs. The

vehicle consists of 3 main masses (hold-

ing payload, batteries, electronics,

instrumentation, antenna, etc. )connected

by 8 springs (elastic frame) and supported

b. masses of wheels d. springs of wheels
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by 6 elasticwheels with small masses. ALl masses of the vehicle are concen-

trated in these 9 masses, and allelasticparts of the vehicle are represented

by the 8 springs.

This approach leads to the followingconclusions: The gravitationalforces, the

elasticforces, and the inertiaforces of the spring-mass system, and the soil

force, are represented as follows:

K is a spri_constant. Again, one

obtains 6 dimensionless numbers:

Vehicle

Soll

I Fg ~mg

Fc~ K_ 2

Fi "-m -_[-

Fkc ~ kc ._2

Fk_ ~ k J_3

F _ c_
C

F ~mg tan _0

F F

F tan
q_ C

F Fkc kc

c
c c_z c

F k-_ Fkc _ c

Fi _ Fk¢p ._.k

and 6 relationships between the vehicle-soil system on the moon and the vehicle-

soil system on earth

ve _ ....

C

m_ K 0 _0 k
_ q) =

-_-__ k_
m c9

e--_ = 6 m-N--_- =

k Q O
C C

C _

k ®
c _A

1

4*_s

The masses and the spring constantsof the imperfect model are not equal to

the masses and the spring constantsof the perfect model. Therefore, they are

denoted by a subscript r in the followingtable, Table III.4-5, which gives some

feasible combinations of m r K r and |6.

III. 4-20
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"/'ae most suitable data provides the following model:

r

1 A 2
= m = mmr -iT

The size of this model is hail the size of the moon vehicle. The spring constant

has to be twice as high as the spring constant of the perfect model, and the mass

has to be 2/3 of the mass of the perfect model.

The model soil corresponds with moon soil, with an angle of internal friction

of_ A = we, a cohesion of c A I _ A I k _ anda modulus=7 c , a modulusk c =_- c
1 @

k = k"T-

The velocityof hhe perfectly similar model is the same as the velocity of the

originai moon _'ehicie.In order to determine the performance of the moon

vehicle, the measured acceleration and the frequencies of vibrationsmust be

dividedby 6o The measured penetrationdepth and deflectionof Me wheel and

other geometrical deformations, such as the amplitude of vibrations, must be

multipliedby 6. The power of the model must be multipliedby 36 and so must

allforces such as thrust, rollingresistance and elasticforces of the frame.

Ifmore accurate quantativedata were required an imperfect 1:2 model could

The masses of the imperfect I:2 model must be reduced to 2/3 of the masses

of a perfect 1:2 model. If, for instance, the mass of wheel of the moon vehicle

is m, then the mass of the imperfect 1:2 model has to be m _ 2 .m_ m_,
r :-3- 2--_ _ (see

Table III. 4-5). The spring constant of the imperfect 1:2 model must be in-

creased to twice the spring constant of a perfect 1:2 model. If, for instance,

the spring constant of the elastic frame of the moon vehicle is K, the spring

constant of the imperfect 1:2 model has to be K _= Kr 2 _ = KA(see Table ITL4-5).
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It is important and necessary to double the spring con_ant in respect to bending

as well as in respect to twisting.

In order to determine the performance of the moon vehicle, the velocity of this

model must be divided by 1.73; the acceleration must be divided by 6; the fre-

quencies of vibration are 3. 46 times higher than the frequencies of the moon

vehicle; and all geometrical deformations must be multiplied by 2, all forces

by 2, and power by 1.15 (see Table HI. 4-5).

The parameters c, _, k c, and k of the soil on earth vary from the pertinent

parameter of the moon soil according to Table Ill. 4-5. In order to cover a large

variety of feasible moon soils, at least ten different soils must be tested, such

as granular soil with different grain sizes, cohesive soil, firm soils, and strat-

ified soils. The geometrical shape of the terrain must also be varied from a

smooth and even surface to a rough surface with different slopes and obstacles.

INSTRUMENTATION

Movie cameras couid be used to n_easure hhe three-dime_n.sinnal movements of

the model, the evaluation of the films giving the dispiaceme_,t, velocities and

acceleration of the model.

Forces, torques, works and power would be measured by strain gauges, by the

electric energy output of the propellant motor, and by other standard devices.
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B. TEST MODEL DEVELOPMENT

J

I. DYNAMIC MODEL

The I/6-scale dynamic model is completed and has been function-tested.

Complete performance testing will begin with the completion of the model-

testing facility.

Weight, CG, and moment calculatiotlsare shown in Table Ill.4-6. The following

general comments in connection with the table show that there is good correla-

tion between the dynamic model and tt_.eSL__V. The fact that the model is

underweight will permit corrections tu be made as the SLRV configuration

changes during the study phase.

1.(a)The data on the model is based on measured weights. Component

weights are accurate to 1/100 of a gram.

(b)The I (inertia) values are based on determining appropriate radius of

gyration (k) values. On symmetrical parts this was done with conven-

tional handbook formulas. On composite, non-symmetrical parts a

little "'judgment" was used, An overall accuracy of ±5% is assumed

on the I values.

2. The data on the vehicle was gleaned primarily from estimates made

on 9/23/63.

3. The firstvehicle Ivalues look somewhat realistic (in relationship to

the model) anklthe present weight difference should be sufficientto

dynm'nically balance (I-wise) the model to the full-sc_e vehicle.
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4. The model frame is the only component which is out of line

weight-wise.

5. It should be noted that the present axis used for I values are not

centroidal and cannot be transferred to any other axis as they are

presented here.

6. The lack of a stadia on the vehicle accounts for the small Ixx of

element 2. The large Iyy can be partially blamed on motor gear box

placement vs the model with its central motor mount.

m

2. FULL-SCALE EARTH-WEIGHT CONTROL MODEL

All drawings required for fabrication of the basic vehicle have been signed off

and released. Long-lead items such as gear boxes, wheels and spare motors

have had procurement action initiated. A review of the design has also been

held with representatives from the structures, mobility, and mechanical-

subsystem groups.

The Engineering Test Model, or ETM, (see Figure Ill. 4-8) is a radio-

controlled, battery-powered, full-scale, earth-weight model of the GM

Surveyor Lunar Roving Vehicle. It is designed to demonstrate the essential

performance features of our vehicle concept. The demonstration will

include:

I. A test of drawba.r pull versus slip in dry, loose sand in an

i_n_stru_m_nted laboratory, soil bin.

2. An obstacle performance test on a hard-surfaced obstacle course

consisting of a 30-inch step, a 20-1nob-wide crevice, and a 45-

degree slope, j

3. A maneuverability demonstration among three pylons on 0-foot

centers.

4. An overall mobility and maneuverability demonstration on the

GM DRL outdoor obstacle course, or Lunarium.

HI. 4-26
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Shown in addition to mobility and maneuverability will be safety features

incorporated into the vehicle design, operation in reverse, start-and-stop

operation, and other features.

Another view of the ETM is shown in Figure Ill.4-9. The all solid state and

relay RCA command and control electronics section Is visible in the center

compartment. The ten commands available to the vehicle are:

i Locomote one step forward

2 Locomote one step backward

3 Locomote continuously forward

4 Locomote continuously backward

5 Stop continuous locomotion

6 Steer one 7.5-degree step right

7. Steer one 7.5-degree step left .o

8. Steer to 30 degrees right

9. Steer to 30 degrees left

10. Steer to center

The front and rear compartments house batteries and steering assemblies.

The wheels have inner tubes to support the vehicle under conditions of earth

gravity and heavy polyurethane tread bands to resist wear. Spring con-

stants and wheel construction are identical to the actual lunar vehicle

except for the inner tubes and the covering materials. The lunar wheels

will bc covered with formed, fine-gauge, stainless steel mesh, prohibited by

cost and time from being used on the ETM.

A dummy superstructure, to include DIBSI tubes, a ground plane antenna

and mast, and a television mast, will be added to simulate the actual lunar

vehicle in appearance and to house weights for properly locating the center

of gravity. The solar panel array will not be simulated.
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C. ENGINEERING TEST MODEL DEMONSTRATIONS

1. Purpose

The purpose of this demonstration is to show the essential performance

features of the GM DRL three-section, six-wheeled, spring-frame, articu-

lated lunar vehicle design. The following demonstrations will be performed:

1. Drawbar pull vs slip in dry, loose sand in a laboratory

soil bin.

2. Obstacle performance on a hard-surface obstacle course

consisting of:

a. A 30-inch step obstacle

b. A 20-_nch-wide crevice

c. A slope of 45 degrees

3. Maneuverability between three pylons on 9-foot centers.

4. Overall mobility and maneuverability on the GM DRL

outdoor obstacle course (Lunarium).

In addition to

other vehicle

1.

2.

,

.

demonstrating vehicle mobility and maneuverability, several

features will be_hown:

Operation of the vehicle in reverse.

Operation of vehicle roll tilt switches, which prevent

overturning of the vehicle in the roll mode.

Operation of vehicle switch bumpers, which shut off

the vehicle wheel-drive motors when a tall, narrow
Q

obstacle is contacted between either the front or

rear wheels.

Operation of vehicle under simulated mechanical failure

conditions. To be simulated are:

II1.4-30
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.

a. Failure of any one of the six wheel-drive motors,

resulting in releasing of free-wheeling mechanism,

causing affected wheel to free wheel.

b. Failure of one of two steering actuators, leaving

one axle locked in any one of nine positions.

The effect of removing wheel drive power when the vehicle is

ascending or descending a hill.

Operation of vehicle pitch tilt switches, which prevent over-

turning of the vehicle when attempting to climb an obstacle

over 30 inches high.

5

r_

L,t
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2. Description of Engineering Test Model

The Engineering Test Model is a radio controlled, battery powered, full

scald, earth weight model of the GM DRL Surveyor Lunar Roving Vehicle. It

has been designed to demonstrate the essential performance features of the

GM DRL vehicle concept. These features include high soft ground mobility,

high maneuverability, the ability to climb a 30 inch step obstacle and traverse

a 20 inch crevice, protection against overturning and getting "hung up" and,

the capability of maintaining good mobility and maneuverability in spite of

wheel drive or steering actuator failure.

The vehicle weighs 90 pou,ds and is 32 i_iches wide and 72 inches long. Fig. HI. 4-10

illustrates the vehicle. The spring wire frame, plastic coated fabric covered

wheels are 18 inches in diameter and 8 inches wide. A replaceable polyurethane

plastic tread strip is added for increased tire life under severe conditions.

Vehicle motive power is supplied by silver-zinc storage batteries powering the

six wheels by individual electric motors and planetary gear reducers. Steering

is of the wagon type; front and back units are turned by mechanisms similar

to the wheel drive mechanisms with the addition of a final worm gear reduction.

A citizens band radio control receiver, through solid state and relay logic

circuitry, provides the vehicle with the following command capability:

1. Locomote one step forward.

2. Locomote one step backward

3. Locomote continuously forward.

4. Locomote continuously backward.

5. Stop continuous locomotion.

6. Steer one 7. 5 degree step right.

III.4-32
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Fig. III.4-10. Engineering Test Model (ETM)
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7. Steer one 7. 5 degree step left.

8. Steer to 30 degrees right.

9. Steer to 30 degrees left.

10. Steer to center.

Vehicle "hanging up" is virtually prevented by bumper switches on the front

and rear compartments. These switches automatically shut the wheel-drive

motors off when a narrow object of sufficient height is contacted by either

end of the vehicle. Such an object might "hang up" the vehicle if an attempt

was made to cross it. Wider obstacles up to 30 inches high can be climbed

by the vehicle.

wired to automatically shut the vehicle off when the front and center or the

rear and ce,,ter compartment roll angles both exceed 45 degrees. Inadvertent

OVOrt,,rnin¢_ of tho vehicle is thereby prevented.

To preclude overturning of the vehicle along the pitch axis, as when attempting

to climb a very high step obstacle, a similar switch arrangement in pitch is

provided. When the front or rear compartment starts to fall toward the center

of the vehicle, motive power is removed.

Nominal speed of the ETM is. 6 feet per second and minimum steering radius

is 72 inches. Dummy DIBSI soil mechanics instruments, a television camera

mast and a ground plane antenna and mast are mounted on the vehicle to simu-

late appearance of the lunar vehicle. Center of gravity locations of each

compartment and the overall vehicle simulate those of the lunar vehicle.

III. 4-34
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3. Description of Test Courses and Equipment

J

SOIL BIN

The GM DRL Mobility Researc_ Laboratory Large Soil Bin, illustrated in Fig.

III. 4-11 is 40 feet long with a soil _ection 60 inches wide and 30 inches deep.

A test carriage is mounted on rails which provide full guidance for loads of

2000 pounds at 1 to 4 feet per second, and 1000-pound loads at up to 10 feet

per second. A variable A. C. drive system is used to propel, brake, and

control the carriage. The test carriage with its associated dynamometer and

wheel-test rig includes means for measuring drawbar pull, storage, wheel

speed and sl_p, and torque ;nput to vehicle :nodels. Awork car mounted on

the rail system contatns soil ttlhng and preparation equipment.

OBSTACLE COURSE

The laboratory obstacle course, shown in Fig. III. 4-12 is composed of built-up

wooden blocks appropriately arranged to provide a 30-inch step obstacle, a

20-inch crevice and a 45-degree slope for the purpose of demonstrating

vehicle hard- surface mobility.

MANEUVERABILITY COURSE

To demonstrate maneuverability, the vehicle will perform figure eights

around pylons spaced 9 feet apart, as shown in Figure III. 4-13.

OUTSIDE TEST COURSE (LUNARIUM)

The Lunarium is a specially constructed outdoor test facility used as a vehicle

obstacle course and covers an area approximately 200 by 250 feet. It consists

of crater-like bunkers of slopes up to 30 degrees and a large number of boulders
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in both random and maze-type arrangements which provide navigation

problems. A portion of the Lunarium is devoted to step obstacles and cre-

vices composed of appropriately sized rocks arranged in the proper pattern.

The portion of the Lunarium to be used tor the ETM demonstration is shown

in the photo of Fig.HI. 4-14. A typical demonstration course is drawn in on the

photograph. The course and the significance of the numbered points on the

photo will be discussed later.
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4. Demonstration Plan

SOFT-SURFACE MOBILITY

A drawbar-pull vs slip test will be demonstrated in the soil bin filledwith

dry, loose sand. The ETM will be attached to the dynamometer system and

will be driven by its own power. The speed of the dynamometer carriage will

be gradually reduced during the run, resulting in varying slip in the range of

approximately 5 to 90a/t_ The drawbar-pull, as a function of slip; will be

• , v "rh,_ t,_t r_,,tt_ will be compared withdirectly recolu,_u un all ,_-Y ""_*'""

analytical predictions.

OBSTACLE PERFORMANCE

The obstacle performance will be demonstrated by test runs over the ta/)ora_ry

obstacle course. The coefficient of friction of the wood surfaces in the obstacle

course against the vehicle tires is approximately . 75. The vehicle will run the

course in both directions with the front end and rear end leading, a total of

four runs over each obstacle.

MP. _.TT'_ lr T_[r lr_1_ A T')TT Tr'f_V
,_Ll_Ir, t.J Y r-£_.J-LJJILJ.JJ. • •

The steering performance and minimum turning radius will be demonstrated

in the laboratory by maneuvering the test model around the obstacles, as

illustrated in Fig. III. 4-13. The vehicle will be run through this course backwards

as well as in t_ normal forward direction.

OUTSIDE TEST COURSE (LUNARIUM)

The overall performance of the vehicle will be demonstrated on the Lunarium.

Although an infinite number of routes through the course exist, the course

illustrated in the photo of Fig. III. 4-14 is suggested as one which will demonstrate

III.4-41
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all of the performance features of the vehicle. The numbered points on the

photo will demonstrate the following vehicle features:

1. Crossing 20-inch rock crevice.

2. Climbing a 30-inch rock step obstacle

3. Backing up with the right vehicle wheels along the side

of a high rock. When the tiltangle el both the rear and

center compartments exceed 45 degrees, the vehicle

will automatically stop and not overturn as itwould if

itcontinued.

4. Bumper switch operation. An attempt to climb a high,

narrow rock will automatically shut the vehicle off. The

vehicle will then b_ hacked away.

5. Climbing steep sand bank. The vehicle will be stopped

part way up the slope.

6. Descending steep sand bank followed by operation along

side parallel to top of ba_. The vehicle will be stopped

part way down the slope.

7. Climbing and descending steep sand bank at 45 degrees.

8. Climbing and descending large rock pile.

At appropriate points along the course, single wheel revolution operation in
9

both forward and reverse will be demonstrated.

PERFORMANCE WITH SIMULATED MECHANICAL FAILURES

During any of the previously described demonstrations, operation of the vehicle

with any one of the six wheels free-wheeling will be shown at the customer's

discretion. Similarly, operation with either steering actuator disabled in any

position may be shown. Performance of the vehicle under these conditions

will, of course, be degraded.
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APPENDIXV

LOCOMOTIONEVALUATIONAHDVEHICLECONCEPTSELECTION

The basic modes of locomotion such as walking, (running), crawling (sliding),

• oiling (wheels and tracks) and jumping (leaping) had been investigated long

before the problem of lunar surface locomotion became the subject of a pro-

grammed effort (M. G. Bekker "Theory of Land Locomotion, " Univ of Mich.

Press, 1956; "Mechanics of Locomotion and Lunar Surface Concepts" SAE

No. 632 K, 1963.)

Itwas concluded in these studies thatwhile walking and rollingcould be con-

sidered as based on a sLmilar kinematic principle, the sLmplicity and relia-

bility of the rolling mechanisms were unparalleled by anything else.

Furthermore the weight and complexity of a walking device including the neces-

sary feedback-controlled stability and step length adjustment would be

unfavorable not only for lunar, but also for terrestrial locomotion.

mY

Moreover, the space requirement for accommodation of a walking system of

linkages would be greater than that for a wheel of comparable performance.

For equal sizes of wheels and feet, the softground perfoxm_nce of tb.c f_t

was not markedly better (Figure III. 5-1), while obstacle performance was

definitely inferior.

Thus walkin_ running and jumping were dismissed as reliable and economic

locomotion modes. Crawling (sliding) also was found impractical because of

an exceedingly high propulsive power requirement due to the inevitable

Coulomb friction. The danger of "cold welding" and rather poor obstacle

crossing ability further disqualified this type of locomotion, and relegated

n-L 5-1
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it to the rank of highly improbable applications. As a result of the foregoing

determinations only wheels and tracks were considered.

Both tracks and wheels have merit. The tracks' advantage lies in the extremely

low ground pressure that can be obtained. In the case of heavy, high density

vehicles such as combat tanks, wheels cannot provide the required low ground

pressure for soft ground crossing. Thus it was necessary to put the wheels

on an "artificial road", which would lower the wheel peak loads by spreading

them over a larger ground contact area.

For lunar locomotion a tracked vehicle does not appear practical. First,

vehicle weights are substantially lower because of limited spacecraft payload

capacity. Second, the lunar gravity field reduces all ground loads by a factor

of six. Hence no heavy loads acting upon the lunar soil can be envisaged for

the time being.

Figure HI. 5-2 illustrates the motion resistance-to-weight ratio of various

vehicle cordigurations as a function of soil consistencies. It illustrates that at

the kj_ value of the JPL specified soft soil model the motion resistance-to-weight

ratio of the tracked vehicle is approximately 1/4 that of a six wheeled vehicle

of comparable size. h_ the SLRV wheeled configuration the motion resistance

accounts for only 20% of the locomotion energy.

Tests on concrete surfaces where t_ e.__.errml motion resistance of wheels and

tracks are comparable indicate that the internal losses in accelerating inertias,

power drive inefficiencies, frictional effects, etc. are several times higher for

tracked configurations than wheels. On an absolute scale then the tracked

vehicle will require several times the energy per meter of the wheeled vehicle

even though the energy to overcome soft motion resistance is lower by a

factor of 4.
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Tracked vehicles as mentioned previously may be considered basically rigid

wheeled fixed frame vehicles which carry their own "road" for the purposes of

hard ground comparison. In this respect the obstacle crossing performance of

a track is basically limited to the height of the sprocket. Even a two-element

articulated tracked vehicle does not do much better.

In summing then, tracks were considered premature, if not impractical for

lunar locomotion for the following reasons:

1. available evidence points toward the existence, on the moon,

of cohesionless granular masses, or solids;

2. even when assuming the existence of cohesive-frictional mass

such as that produced in Gold-Hapke model, it was found that

the strength of such "soil" does not warrant the use of tracks

although the soil model displayed very low b,:aring capacity and
J

density;

3. obstacle performance of properly designed wheeled vehicles

is much superior to that of tracked vehicles;

4. weight of tracks and suspension is higher than that of wheels;

5. reliability of the wheel is beyond comparison with that of the

track particularly if one considers the almost unavoidable "track

overthrowing" on obstacles, the danger of 'told welding" on guide

pins, sprockets, etc., the "dirt packing", and other dangers

inherent in track concept;

6. power required for driving a tracked vehicle is substantially

greater than that for a wheeled vehicle, for considered lunar

soil models;

llI. 5-5
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spaceship packaging ability of a tracked vehicle having

mobility equal to that of a wheeled vehicle, under assumed

lunar soil models, was much more difficult than that of a

properly designed deformed wheel vehicle.

In conclusion, then it was determined with a satisfactory level of confidence,

that a wheeled lunar vehicle should fulfill the existing requirements with a

much higher probability of success than the tracked one.

A wheeled vehicle was found particularly attractive when designed with elastic

wheels. (Figure HI. 5-3).

The vehicle concept thus evolved 1. e. the one which would produce maximum

mobility on one hand, and the optimtaa pac!mg!ng ability on the space craft on

the other, !ed directly to the six-by-six wheel configuration linked with an

elastic frame.

The soft ground crossing capability of this configuration was superior to that

of a conventional rigid frame vehicle configuration.(Figure IIi. 5-4) and the

obstacle crossing was unprecedented (Figure III. 5-5).

With this background a mobility tradeoff analysis was conducted.

Figure F_i. 5-6 shows *_ree -Jternative vehicle configurations, (compatible with

the Surveyor payload eavelope) on which the mobility tradeoffs are based. As

a ground rule for the evaluations, the vehicle design philosophy was the same

for all configurations. For example, inflatable wheels were not considered

for any of the configurations.

The basic configurations include 3-, 4-, and 6-wheeled designs. For each

configuration, weight-mobility tradeoffs were performed.

III. 5-6
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The mobilities of the different vehicles were evaluated as a weighted average

of different mobility performance factors. One of these factors -- the ability

to negotiate obstacles -- is shown in Figure ILI. 5-7.

The vertical scale is the step-obstacle capability, which varies from 14 to 75

centimeters. The horizontal scale is the net vehicle weight, which ranges

from 14.4 to 22.3 pounds.

The net vehicle weight includes the basic frame, exclusive of payload compart-

ments, and the wheels, drives, steering mechanisms, axles, fenders, bumpers,

and attachments. .G

The obstacle performances of the 3- and 4-wheeled vehicles are similar except

that the 4-wheeled vehicles are about 2 pounds heavier fhan the 3-wheeled. The

sm_!!_est 3- and 4-wheeled vehicles, with 12-inch wheel diameters, have step

limitations of about 14 centimeters. The largest 3- and 4-whee!ed vehicles

that are stowable, with 22-inch wheel diameters, have step limitations of 25

centimeters.

The weight of the smallest 6-wheeled vehicle, which has a 12-inch wheel

diameter, is 17.6 pounds. Below this point the payload capacity is inadequate

for the SLRV. The largest 6-wheeled vehicle, the design choice for the SLRV,

v;eigb2s 22.3 pounds and has a step limitation of 75 centimeters.

The measure of the soft-terrain capability of the vehicles is the ratio of

drawbar-pull to weight, which is the ordinate of Figure HI. 5-8. The abscissa

is the net vehicle weight of the different configurations. The curves shown

apply to the soft ground characteristics specified in EPD-98. In particular,

k c = 0, k_ = . 083, n = 1, c = 0, and _ = 30 degrees are the Bekker coefficients.

The ratio of drawbar-pull to weight of the 3-wheeled vehicles is largest for

weights less than 19.6 pounds. Above 21.1 pounds the drawbar-pull/weight

ratio of the 6-wheeled vehicles is largest.

.: AI I
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To compare all the configurations with respect to mobility for different net

vehicle weights, the dimensio_ess weighted average of mobility, shown

graphed in Figure III. 5-9, was computed. The drawer-pull/weight, obstacle

performance, crevice-crossing capability, slope climbing capability, lateral

stability, and maneuverability were graded for each vehicle on a scale from

0 to 100. These graded factors were weighted as shown in the slide: drawbar-

pull/weight, 40 points; obstacle performance, 20 points; crevice crossing,

15 points; slope climbing, 10 points; lateral stability, 10 points; maneuver-

ability, 5 points. This grading, which reflects lack of information.about the

lunar surface, does not systematically support the 6-wheeled vehicle. In fact,

the soft-ground capability, which is weighted most heavily, is the characteristic

in which the 3- and 4-wheeled vehicles are most competitive with the 6-wheeled

vehicle.

Figure HI. 5-9 shows that the 6-wheeled vehicles are prefer_ed alx_ve !7.6

pounds, and the 3-wheeled vehicles below 17.6 pounds. The range in which the

3-wheeled vehicles are preferred is only 3.4 _xls.

IH. 5-14
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the limiting obstacle height is found to be TR64-26 .

] J- 2 z f (m.

It is interesting to note that below values of /L = VrJ/2 • the obstacle

performance of the EFV depends only upon the friction coefficient /J_ ,

and there is no difference in the performance of the EFV regardless of the

stiffness parameters involved•

Condition /Q _ Y'*

Now a vehicle is considered when the obstacle height b is higher than

the wheel radius 7_ . In Fig. III. 1-46 a schematic sketch of such a condition

is presented with the front wheel of the vehicle climbing the rigid vertical

obstacle.

When the conditions of equilibrium are applied to the whole vehicle, we

have for the horizontal forces

(III. 1-48)

and for "_---_.,.,,_rtical._ _. forces

(in. 1-49)

In this case the performance equations cannot be obtained from the

principles of statics alone, and it is thus necessary to consider the stiffness

of the elastic frame as a parameter. As illustrated in Figure Ill. 1-47, the

elastic frame may be regarded as a simple be4_m with a concentrated load

and a moment at a &istance _ from the support. For small deflections

_7. _,_ _ .',
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